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Abstract 

The consecutive increase in demand for metals corresponds to the proportional increase in mining 

activities worldwide. Respecting the principles of the Circular Economy, as expressed through relevant 

legislation, the 4Rs action plan (reducing the production of mining waste, recovering and recycling the 

beneficial metals contained in mining tailings, and reusing them in separate industrial applications) 

should be implemented to transition existing or future mining activities into sustainable mining practices.  

It is essential to note that secondary mining processes, particularly the recovery of metals from mining 

tailings, contribute positively to minimizing environmental and supply risks associated with metals while 

supporting the life cycle of mining companies. The utilization of metals contained in mining tailings, 

combined with an environmentally friendly action plan, offers additive financial benefits for each mining 

company that adopts it by selling the recovered metal mix for various industrial applications.    

Supporting the life cycle of mining activities associated with innovative mining waste management 

practices in terms of Circular Economy requires the establishment of a closed system of industrial units 

enclosing the hazardous mining waste (tailings) to avoid any potential leachate risks as in the 

conventional waste management practices of tailings disposal to be reused in backfilling or stonewalling. 

The precipitation of mining tailings containing metal ions, combined with the acidic character of these 

hazardous leachates, can occur when tailings disposal sites are overloaded or subjected to heavy rainfalls, 

and this can have a catastrophic impact on the environment and human health. Additionally, it refers to 

the loss of beneficial material from adsorption by the ground soil.   

The proposed alternative technique of tailings management through a closed system of metal recovery 

minimizes the risks of environmental pollution and loss of metal ions due to precipitation in the 

downstream soil area, as opposed to conventional mining waste management practices. This PhD 

dissertation, considering the real industrial needs and risks of the mining sector, examines the level of 

sustainability for a proposed innovative technique for mining waste management, comparing it with the 

corresponding grade of sustainability associated with conventional mining waste management practices. 

Hence, two comparable cases are examined and assessed. Case Scenario A(0) refers to the conventional 

methods of tailings disposal using geomembranes and geological fractions, accepting the potential risks 

of environmental pollution and the systematic risks of non-compliance with mandatory legal obligations 

that align with the policy of the Circular Economy. Case Scenario A(1) refers to the innovative method of 

tailings utilization to recover metals contained within them, which adopts a high degree of conformance 

with the mandatory legal obligations of the mining sector and implements the principles of the 4Rs. 

The current scientific study employs an engineering risk analysis approach structured by the Cost-Benefit 

Analysis guidance and the Stochastic Risk Assessment methodology of Bayesian Analysis to determine 

the practical sustainability of each examined case based on the corresponding techno-economic 

approach. The implementation of the Cost-Benefit Analysis using applicable statistical simulation 

provides a forecast of the total financial risk related to each case over the next thirty working years. The 

application of Stochastic Risk Assessment using Bayesian Analysis assesses (a) the degree of financial 

riskescalation calculated through the implementation of Cost-Benefit Analysis for each examined case and 

(b) the cases that are likely to occur instead of pure theoretical conditions. Thus, the entire engineering 

risk analysis tool provides a comprehensive financial risk assessment that guides optimal business 

decision-making for each mining company before the commencement of mining activities.  
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Regarding the practical application of the current research, it is essential to note that combining Cost-

Benefit Analysis with Stochastic Risk Assessment provides an objective method for assessing financial 

risk by converting all technical and legal parameters into monetary terms. Moreover, results show an 

extremely low deviation between the two methodological approaches for the cases that are likely to occur 

in actual industrial circumstances. At the same time, it is assessed that Case Scenario A(1) is more 

sustainable than the opposite Case Scenario A(0), showing a lower risk grade of approximately 4.8 times.  

Considering the role of Financial Engineering risk analysis, supported by Cost-Benefit Analysis and 

Stochastic Risk Assessment using Bayesian Analysis tailored to industrial conditions, it is understood that 

this approach provides a comprehensive tool for evaluating the techno-economic sustainability of similar 

projects based on cost, risk, and potential benefits. This methodological framework of Financial 

Engineering risk analysis can be utilized by both financial institutions that fund sustainable mining action 

plans and practices, as well as mining company administrations aiming to develop their activities in terms 

of sustainable mining and the Circular Economy.  
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1 Introduction  

1.1. Background and Motivation 
Mining activities aim to produce the demanded mass of metals to challenge the supply chain risks for 

separate industrial applications to overlap human needs. Unavoidable conditions of mining waste 

production derived from mining activities of primary extraction can cause serious environmental and 

human dangers due to their acidic character and contain metal trace elements that precipitate in the 

downstream aquifer zone (1) (2) (3). Unfortunately, the case of mining tailings leachates in the nearby 

ground soil layers and aquifer zone is a common catastrophic phenomenon well known as “acidic 

drainage” (1) (2) (4). 

Regarding this, waste management solutions focus on the detection of alternative methodologies to 

manage the produced mining waste. In 1992, a global guidance emphasizing on the Sustainable 

Development Goals (SDGs), known as “Agenda 21”, enabled the basic regulations to protect the 

environment from the potential damages of the industrial sector (5). According to this, several regions 

approved this primary green deal and the corresponding representative legal ministries ruled on that 

general policy of Sustainable Development. Different legislation/guidance in terms of local Agenda 21 

(LA21) enacted alternative action plans focusing on waste management, especially for hazardous waste, 

such as the produced mining tailings, i.e., China (6), Australia (7), Europe (8) (9) (10). 

This guidance development affects the Circular Economy policy that is commonly known around the 

world. The Circular Economy (CE) represents the entire guidance on waste management that supports 

the policy of 4Rs (reduce, reuse, recycle, and recover waste). Mining tailings are hazardous waste due to 

their acidic behavior. The trace elements that precipitate downstream have toxic behavior for human 

health, even when flowing into the aquifer zone or to the surface water deposits (1) (11) (12) (13). So, 

regarding mining waste management, any methodology that minimizes the hazard source for 

environmental pollution or serious causatives to human health, from the point of view of CE policy, is 

approved.  

Despite any innovative methodology of tailings management being indicated as respecting the principles 

of CE expressed through the corresponding legal obligations, especially for the hazardous waste of the 

mining industry, there is the necessity for the determination of its financial sustainability (3) (14) (15). 

There are several cases of innovative tailings reprocessing through closed industrial plants of tailings 

management against the conventional methods of tailings disposal to ground soil or geological fraction 

mix sub-layers as geomembranes (16) (17) (18). The tailings disposal is the primary step to dry the 

tailings sludge for its consecutive reuse as raw material for backfilling, stonewalling, etc. Tailings disposal 

is a high-risk technique due to the high probability of tailings leachates as their pH is very low, so 

geological fractions or geomembranes cannot ensure the waterproofing of the geotextile layer (19) (20) 

(21) (22). Furthermore, trace elements of metals used to be geospatially distributed to the soil layers or 

in worst cases to the aquifer zone, when leachates occur (11) (21) (23). So, the beneficial material 

contained into tailings cannot easily be recovered. 

Therefore, innovative methodologies of tailings reprocessing, supported by industrial thickeners using 

chemical reagents and implementing flotation methodology to filter the precipitated pulp, have already 

been developed, optimized and applied especially in Scandinavian regions showing recovery in a high 

level of efficiency (17) (18) (24). Unfortunately, these techniques and processing optimization is not 

entirely adopted by all the European or other regions in the world. One of the most inhibitory factors for 

this is the uncommon detection of the economic sustainability of each similar project. Therefore, the 
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ignorance of techno-economic viability that characterizes any tailings reprocessing should be overlapped 

and compared with the corresponding evaluation of the conventional tailings management technique of 

free disposal. 

Hence, the detection of techno-economic sustainability of the obliged innovative tailings management 

technique against the conventional methods is a crucial factor for the mining industry to adopt the policy 

of CE in mining activities globally. Furthermore, financial institutions that offer loans for the sustainable 

development of the mining sector should evaluate the submitted requests by the mining companies 

according to their activities in terms of CE regarding their tailings management action plan. The submitted 

action plans should be cost-evaluated, including safety factors, and meet the legal requirements of 

sustainable mining. 

This PhD dissertation, by approving the mechanisms of metal recovery from mining tailings, the policy of 

4Rs, and mandatory legal obligations for the mining sector, focuses on the financial risk assessment 

between the innovative and conventional tailings management processes. To achieve a high level of 

efficiency, an innovative action plan for tailings reprocessing, which is dimensional-costly costly, is 

financially assessed and compared with the corresponding financial risk assessment of the conventional 

tailings management process of free disposal. Emphasis is given to the financial sustainability for both 

examined cases and their relevant grades of efficiency. The implemented financial risk approaches aim to 

provide deterministic and stochastic risk results that could be valuable for business decision-making in 

the mining industry, and the sensitive estimation of the loans provided by financial institutions/funds to 

mining companies, to be developed.   

1.2.  Importance of Circular Economy in Mining Waste Management 
Principles of the Circular Economy CE represent the adoption of a dynamic model focusing on a 

sustainable waste management system, even for the mining sector (3) (5) (9) (10) (25). The waste 

management plan is structured by the adoption of necessity for the reduction of produced waste, 

recovery/recycle of the valuable materials that are contained, and reuse them as raw material for 

industrial applications (17) (26).  

On a global scale, the annual production of all mining waste is approximately 25 billion tons (27). At the 

same time, mining extractive waste annually produced and stored in the European Union are 

approximately 4.7 billion tonnes, and the tailings from mining activities refer to the second rank of the 

total produced waste in the European Union, while their current productivity ranges between 1.2-1.4 

billion tonnes, annually (28) (29). Mining tailings are more hazardous waste than the rest of mining 

extractive waste due to their content of metal trace elements and acids in pulp (1) (29). So, without 

implementing the CE principles by applying practical methodologies, to efficiently manage tailings 

(minimizing their volume while removing, through recovery processing, the metal trace elements and 

purifying them to be reused in separate industrial applications), there is a high-risk probability for 

negative environmental and human impact from the consecutive operation of mining activities (14) (18) 

(27).  

Regarding the supply chain risks of various metals, it is commonly known that according to the future 

consecutive increase of their demand in separate industrial applications by 2050, an unavoidable lack of 

their primary sources will occur (30). Hence, industrial activities that can provide secondary sources of 

metals to challenge the future supply chain risks for the entire industrial sector correspond to a significant 

amount of assistance in addressing the shortage of metal deposits. For instance, at the Talvivaara mine 

site in Finland, an applied industrial units plant was established to recover trace elements of metal 
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mixture, including toxic (Lead-Plumbum, Chromium, Cadmium), critical (Nickel, Cobalt), and precious 

metals (Copper, Gold, etc), showing an efficient rate of recovery of approximately 50-80 % (31). 

Additionally, more optimized cases have shown rates of efficient recovery that range between 80-95% 

(18). In experimental-low scale, the corresponding recovery rates of efficiency fluctuate between (85-

97%) (32) (33) (34). 

Thus, from the practical point of view, applied cases of tailings management reprocessing, respecting the 

principles of CE, occur while demonstrating high efficiency for the removal of metal mixture from tailings 

capacity. To face the challenges of future metal supply chain risks while minimizing hazard sources for 

the environment and human health, the CE policy should be adopted worldwide. The role of techno-

economics is crucial to distribute this philosophy and to be adopted by the mining companies on an 

industrial scale. 

Focusing on the financial interest, which the legally obliged and innovative applied CE principles of 

tailings reprocessing on an industrial scale may have for the mining sector, the current study develops a 

financial risk assessment tool to prove the level of efficiency for the alternative practices of tailings 

management. The techno-economic evidence for the sustainability of tailings management processes is 

needed to ensure their industrial viability (4) (13). 

1.3.  Research Questions - Research Gap 
Considering the importance of the Circular Economy on the mining sector and the environment, it is 

comprehended that despite methodologies for sustainable mining are already optimized and in several 

applied cases their efficiency is too high, still the research regarding their economic viability is limited. 

Cost-effective analysis that is tailored to each project's requirements is an indicative techno-economic 

assessment tool that practically ensures the corresponding applicability of the innovative tailings 

management processes on an industrial scale (4) (35).  

In the managerial sector, the optimal business decision should meet the requirements of benefits’ 

superiority over the costs (35) (36). Although the fact of applying CE principles, as a legal obligation in 

the mining sector, makes tailings management reprocessing a mandatory action plan, unfortunately, 

mining companies worldwide adopt business threats regarding the investment in secondary reprocessing 

to utilize their produced mining waste. As a result, instead of adopting CE principles, the adoption of the 

conventional tailings management processes associated with environmental risks is more probable to 

occur.  

Despite that, several scientific research studies and investment guidance support the development of 

cost-effective analysis-assessment as an indicative tool to estimate the optimal business decision, even in 

mining waste management, there is a research gap on detecting the required techno-economic indicators 

that characterize the rate of economic sustainability between the alternative method of tailings 

reprocessing to the opposite conventional method of tailings disposal (37) (38) (39). The determination 

of this research gap is one of the most important incentives for the mining sector to adopt the policy of 

4Rs (23) (40) (35).  

The major research gap of the sustainability grade detection between conventional and innovative 

approaches of tailings management can indirectly cause the minimization of the mining sector’s life cycle, 

especially in cases where environmental pollution or general non-conformance with the requirements of 

CE are detected, except for the direct hazards of the irreversible environmental damages (9) (10) (15). 
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Scientific research cannot easily approach the existing research gap due to the complexity of the project 

and the risk management sector, which cannot be well-modeled for all examined cases because of their 

separate nature of work in actual industrial conditions. Therefore, an expansion of the major research gap 

is the lack of a financial engineering risk analysis tool that could be adaptable to examine conditions and 

assess the optimal business decision considering the corresponding legal obligations, investment 

guidance, and technical parameters. Hence, the research gap does not focus purely on the detection of 

techno-economic sustainability indicators (of innovative approaches to the conventional approaches of 

tailings management), but on the required tool that decodes the targets and criteria to be determined and 

cost-evaluated (29) (35). 

Moreover, except for the deterministic financial risk detection, even for mining companies or financial 

institutions that offer financial loans for business development in terms of green growth, to the first, there 

is a research gap on the future estimation of financial risk that corresponds to each examined case, 

ranging from innovative to conventional methods of tailings management (4) (17). Thus, a stochastic 

approach that detects the grade of the deterministic assessed financial risks is required to optimize the 

engineering risk analysis tool regarding optimal business-decision making and cross examine the results 

of deterministic financial risk analysis approach. 

Considering the current described research gaps, it is comprehended that an engineering risk analysis 

tool structured by the combination of a deterministic and stochastic simulation, is needed to be applied 

in actual industrial conditions of mining waste management to assess the point of efficiency comparing 

the innovative-indicated method of tailings reprocessing (meeting the 4Rs policy’s requirements and high 

rate of legal conformance) with the conventional method of tailings disposal (that meets a low legal 

conformance grade in terms of CE). 

1.4.  Research Objectives 
Focusing on the existing research gaps, this PhD dissertation aims to provide an entire engineering risk 

analysis tool that demonstrates the determination of targets and their criteria that need to be analyzed 

and assessed to identify the point of efficiency of a proposed case for tailings reprocessing (Case Scenario 

A(1) and its real and theoretical sub-cases), meeting the corresponding requirements of 4Rs and a high 

rate of legal conformance, against the opposite case for tailings disposal that refers to the conventional 

tailings management cases (Case Scenario A(0)). Considering that two financial risk assessment tools are 

applied to evaluate the sustainability grade of each examined case.  

The first appraisal tool corresponds to the Cost-Benefit Analysis (CBA), which is a deterministic approach 

indicated as the most appropriate cost estimator (35). By the application of CBA in actual conditions 

regarding tailings management, the corresponding techno-economic viability indicators are calculated by 

converting technical parameters to monetary terms for both cases. Emphasizing Case Scenario A(1), to 

ensure a high level of safety on the provided economic assessment, the proposed case of tailings 

management processing is over-dimensioned and costly-overrun. This leads to the financial risk 

assessment between the comparison of best-case conditions for Case Scenario A(0) and worst-case 

conditions for Case Scenario A(1). 

Hence, the primary objective of this research focuses on the calculation of techno-economic sustainability 

indicators using the deterministic approach of CBA to estimate the fluctuation of financial risks that 

describe both assessed cases (Case Scenario A(0), Case Scenario A(1), and its sub-cases) (16) (23) (41). 

Based on the primary objectives assessed by the implementation of CBA, to provide additional objectives 

of the future financial risks and their grades describing the two cases, a secondary simulative tool, the 
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stochastic financial risk assessment (SRA), is applied, too. The SRA methodology implies the terms and 

definitions of the Bayesian Analysis approach (23) (42).  

So, noticing the prior case conditions that were determined by CBA’s techno-economic indicators, based 

on the stochastic simulation provided through the Bayesian SRA approach, future financial risk grades, 

including monetary terms and risk probability that interpret the escalation of the deterministic financial 

risk assessment approach, are detected. The application of SRA in actual conditions regarding the 

financial sustainability comparison between the innovative and conventional methods of mining waste 

management, considering technical parameters, primary cost evaluation, and legal obligations for the 

mining sector, is a valuable tool that, except for its provisions, cross-examines the deterministic approach 

results of CBA. 

The scope and innovation focus of this study is on the application of scientific methodologies, evaluating 

actual conditions of the mining industry, to provide a complete engineering risk analysis tool that 

calculates the indicators that characterize the economic sustainability of each examined case that a start-

up mining company should evaluate before the beginning of its mining activities at site locations. 

Moreover, existing mining companies could adopt this engineering risk analysis tool to estimate their 

current or future sustainability grade, considering their corporate policy. 

By applying the present engineering risk analysis tool, a deterministic risk matrix is calculated, showing 

the sustainability grades for all examined cases and sub-cases compared to each other. The structured 

risk matrix is a valuable evaluation tool for mining companies and financial institutions, supporting them. 

Finally, a cross-examination between the two applied approaches ensures their sensitivity level among 

CBA-SRA while verifying the accuracy of risk detection for the more probable cases that may occur in 

industrial conditions. It is essential to mention that this cross-validation detects the clear theoretical sub-

cases that do not refer to actual circumstances.  

1.5. Dissertation Structure 
This PhD dissertation focuses on optimizing financial engineering risk analysis supported by cost-benefit 

analysis methodology and stochastic risk assessment, considering the Circular Economy’s principles for 

the environmental impact of the mining sector regarding business decision-making for the mining waste 

management processes. Therefore, a primary analysis of the Circular Economy’s principles, their 

expressed legal obligations, and their correlation with the environmental impact of mining activities is 

provided in the introduction section. 

The second section focuses on the literature review for mining tailings management, the role of circular 

economy policy in this, and the conceptualization of the engineering risk analysis framework that needs 

to be applied to select the most appropriate decision-making for each mining company regarding the 4Rs 

policy. This section determines the severity of the financial engineering risk analysis tool application 

depending on the criteria and targets that should be identified and achieved, respectively. 

The third section emphasizes the methodological frameworks for both approaches, which structure the 

entire financial engineering risk analysis tool to provide accurate business decision-making when 

selecting the most appropriate mining waste management process and evaluating its techno-economic 

parameters. It also mentions the importance of sustainable mining decisions regarding tailings 

management against conventional methods to the mining sector’s life cycle. 

The fourth section provides a detailed analysis of the terms and definitions of the circular economy policy 

in the mining sector. This section mentions the existing environmental pollution problems that can caused 



Cost-Benefit Analysis and Risk Assessment of Mining Activities 
in Terms of Circular Economy and its Environmental Impact                

 Page 22 - 198 
 

by conventional mining waste management activities and the principles of circular economy policy 

expressed through the corresponding legal obligations for the mining sector. Applied cases of innovative 

tailings management processing respecting the circular economy and its terms that show a high level of 

efficient metal recovery from mining tailings and increasing the life cycle of mining activities are 

mentioned.  

The consecutive section describes the innovative, indicated methodology of tailings management that 

meets the requirements of the 4Rs. Emphasis is given to the mechanism of metal recovery, while some of 

the already applied cases for metal recovery from tailings are mentioned. 

The role of the circular economy is to minimize potential environmental threats, increase the mining 

sector’s life cycle, and offer financial gains to mining companies that conform with the corresponding 

legislation through cost savings and economic rate of return from the utilization of metals contained in 

tailings. The overall cost-benefit analysis is presented in the sixth section. The applied CBA framework 

considers the legislation that needs to be followed in terms of sustainable mining, calculating the financial 

risks that refer to conventional and innovative methods of tailings management. Statistical tools are 

applied to optimize the financial risk calculations that describe each examined case. This methodology 

provides a sufficient economic risk assessment between conventional and innovative mining waste 

management procedures. The cost evaluation permits accurate and objective business decision-making, 

especially for a start-up mining company that needs to select the optimal solution regarding the most 

economically sustainable waste management technique to treat its produced volume of tailings. The 

entire CBA analysis assesses the worst-case conditions for the innovative methodologies of tailings 

reprocessing by proposing an over-dimensional and cost-overdesigned work layout (Case Scenario A(1)) 

with the best-case conditions of the conventional tailings disposal technique, considering that there is no 

detected environmental pollution. So, the financial risk assessment provided through the deterministic 

approach of CBA ensures a superior level of safe estimation.  

In the seventh section, accounting for the cost functions described by applying the CBA framework, the 

stochastic approach supported by the SRA-Bayesian Analysis methodology is applied to cross-examine 

the deterministic results from a purely scientific perspective. The scope of SRA is to estimate the 

generating financial risk grades that cause the deterministic results of CBA using the Bayesian Analysis 

involving the prior distributions of the examined risk probabilities that describe each case condition. The 

SRA methodology is applied to calculate the stochastic financial risk and stochastic grades of risk 

indicators.  

The eighth section of the present study provides a detailed description of the results obtained using both 

CBA and SRA methodological frameworks. Techno-economic and risk indicators that describe the 

economic viability of each case condition are assessed and evaluated. Furthermore, a thorough, deep 

comparative evaluation is provided for the results of both CBA and SRA. This comparative evaluation 

offers a better comprehension of the role of the engineering risk analysis tool’s practical application in 

the industrial sector. The final chapter of this section describes the physical meaning of the calculated 

results, comparing the assessed indicators that describe the examined cases with each other.  

The final section summarizes the significant findings of this research. It also mentions the practical 

application of the developed methodological framework of a financial engineering risk analysis tool 

structured by CBA and SRA in the industrial and scientific sectors. The major findings that overlap the 

existing research gaps are validated by the detection of techno-economic sustainability indicators 

showing the superiority of innovative methodologies regarding tailings management to conventional 
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methods. Moreover, suggestions for future research development and decisions in the mining sector in 

terms of green growth are provided.  
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2. Literature Review and Theoretical Framework 

2.1. Review of Tailings Management in the Mining Industry 
Mining activities are prolific worldwide due to the perpetual requirement for the production of metal 

materials for a variety of separate industrial applications. Mining activities include the working tasks of 

primary mining extraction, mineral processing for the separation and enrichment of the beneficial 

minerals, and environmental remediation. The environmental risks associated with mining activities 

primarily stem from the lack of a strategic business plan for managing the waste produced during mining 

processing, known as tailings. This occurs because chemical reagents used in processing are needed to 

separate beneficial from non-beneficial material of mining ores to be purified (1) (43) (44). Therefore, 

acid drainage has been observed in some abandoned mining sites globally. This leads to an increase in 

both environmental pollution and human health risks. 

To face this challenge, the indicative solution does not refer to closing mining activities or minimizing 

their action plan. However, environmental legislation focusing on alternative and innovative mining 

waste management action plans has already been developed, mentioning the legal guidance/ obligations 

each mining company should conform to (9) (10). Until recent years, the tailings management involved 

disposing of the produced mining tailings mud to be dried. After that, the dry mixture product was used 

to make the stonewalling. According to scientific studies and several environmental monitoring systems, 

this methodology may cause high severity of risky phenomena, such as pollution of the aquifer zone or 

acid drainage in watersheds due to the rain falling (1) (45). To minimize potential environmental 

pollution hazards, the environmental protective legislation, considering the tasks and objectives of the 

Circular Economy, proposes that each mining company should manage its mining activities that produce 

tailings through closed industrial unit plants, in order to avoid risks of leachate spills, instead of their 

disposal as dried out mud (4) (9) (10) (18)  (46).   

The Circular Economy policy (as described in section 2) in mining activities refers to the reduction of the 

produced waste, recovery of beneficial materials before the waste’s final disposal, recycling of the 

beneficial materials to be reusable, and reuse of the recovered materials before the final disposal of waste 

mass. According to the CE and general guidance of Sustainable Development, the environmental 

protective guidance worldwide, and especially in Europe, expressed through the corresponding European 

Directives (2006/21/EC, 2008/98/EC), emphasizes the need for alternative methodologies for tailings 

management.  

Each European region conforming to the corresponding European guidance has established its national 

legislation that indirectly determines the mandatory legal obligations, focusing on waste management 

even for mining companies. The national legislation involves the environmental safety measures that 

should be implemented and an action plan in case of non-conformance, containing specific indicators for 

determining the relevant penalty costs. It is essential to mention that these indicators and the indicative 

action plan are generally proportional to the Gross Domestic Product (GDP) that characterizes each 

regional economy. 

The main objectives of this PhD dissertation (as described in section 2) focus on a proposal for a tailings 

management action plan conforming with the legal obligations of the mining industry in terms of the 

Circular Economy of a start-up mining company that produces 150 ktonnes of mining tailings annually, 

the control of its techno-economic sustainability supported by a combined economic assessment tool, and 

a comparative financial risk assessment among the alternative tailings management plan with the 

outdated methodology of dry mud. 
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The proposed case for tailings management (as described in section 6.3.1) refers to an indicative action 

plan to utilize mining tailings and recover/reuse the contained metals. This processing considers existing 

experimental results from scientific studies and the indicative action plan emphasizing the tailings 

management processes supported by a closed system of industrial units, as already implemented most 

commonly in Scandinavian regions (20) (33) (34) (47) (48).   

The suggested processing of tailings management refers to an additive process of tailings purification in 

metal units. As scientific experimental studies have showcased (18) (33) (49), the efficient recovery of 

metals from mining tailings is structured by two classes of chemical reagents. The first class of reagents 

refers to acids, and their occurrence aims to separate metal ions from non-metallic chemical compounds. 

The second reagent class is catalysts that rapidly react to the chemical reaction of metal ions' de-binding 

and precipitation (18) (33) (34). The entire process occurs inside closed unit plants (buffer tanks) 

structured explicitly for tailings management processing. It is essential to mention that experimental 

studies resulted in over 95 % metal recovery efficiency through one major step (due to laboratory 

conditions) (32) (33). Based on this, the proposed case of the tailings management system is structured 

by three steps, each containing two stages of acid input and one stage of catalysis to ensure a high-

efficiency rate. This also leads to an overdesigned cost assessment of the proposed project. 

Continuously, two techno-economic analysis assessments (as they are demonstrated in section 6) for a 

start-up mining company that is estimated to produce 150 ktonnes of mining tailings are separately 

presented, one for the case of non-conformance with the innovative legal obligations that support CE 

policy (Case Scenario A(0)), and one for the case of fully legal conformance with the updated 

environmental legal obligations of sustainable mining.  

Based on the primary economic assessment that characterizes each examined case, the Cost-Benefit 

Analysis Methodology is applied to assess the efficiency point of sustainability for the proposed Case 

Scenario A(1) against the conventional Case A(0) (as demonstrated in section 6). Finally, the Stochastic 

Risk Assessment methodology (analyzed in section 7) is implemented to assess the financial risk grade 

regarding each examined case's economic sustainability.  

The overall financial risk assessment results, structured by both methodologies of CBA-SRA, are clearly 

demonstrated and discussed in section 8. In conclusion, the major key findings are presented, suggested 

future research tasks are recommended, and the valuable applicability of the presented combined 

financial risk assessment tool using the deterministic financial risk assessment by CBA and stochastic risk 

assessment by SRA, in the business development of sustainable mining or the research and development 

policy of financial institutions.  

2.2. Engineering Risk Analysis Perspectives in Mining Waste Management 
Humans' high need for metal materials necessitates the development of mining operations, especially in 

places highly enriched in metal ions. After separating beneficial and non-beneficial materials, industrial 

enrichment mechanisms increase metal output.  

These mechanisms, known as metallurgical procedures, produce a vast volume of mining/metallurgical 

hazardous waste (MMW) at final disposal sites. MMW’s composition usually includes metal filings in low-

pH site conditions. Thus, the environmental pollution hazard is high unless sustainable methods are 

implemented to reduce the concentration of heavy and toxic metals in MMW at every disposal site (1) 

(41).  
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Engineering risk analysis is applied to assess the optimal business decision in mining activities, 

considering their environmental impact and the requirements of the Circular Economy. Therefore, 

engineering risk analysis focuses on detecting the most economically sustainable mining waste 

management process for a start-up mining company to minimize potential environmental pollution 

hazards. Figure 1 shows the targets and criteria that are considered by the engineering risk analysis tool 

(24) (25) (46). 

 

Figure 1 Hierarchy of Targets & Criteria considered by Engineering risk analysis methodology to export the Optimal 
Business Decision according to the Benefit to Cost ratio in Mining Waste Management 

The exported business decision is based on the total beneficial scenario, which, apart from environmental 

pollution and its rehabilitation cost, evaluates the possible case of reusing the recovered metal product 

as raw material for the global financial marketplace. According to this, a model of a scientific database in 

which all the required parameters are converted to monetary units needs to be implemented. 

This database consists of the criteria presented in Figure 1. Evaluating these criteria ensures the validity 

of each operational strategy. Each criterion’s elements are described below.  

Criterion 1. Identification of Metal Ions Concentration in Mining Tailings. 
Identifying metal ion concentration in mining tailings is crucial for evaluating environmental 

rehabilitation costs. Scientific study sample results should be considered when determining the chemical 

composition of mineral ores in metal ions. This metal ion concentration process is calculated in mg/kg, 

ppm, or %wt. The annual production volume of each mine industry’s waste and their chemical 

composition analysis could reasonably estimate the total metal product content. 

Criterion 2. Recover Industrial Units Installation/Operation 
Considering the scientific evidence of the total estimated metal product content, the necessary installation 

and operation capacity of the industrial units needed for implementing recovery procedures could be 

calculated. The recovery capacity/technical specs of the industrial units are proportional to their 

installation and annual productivity costs. 
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Criterion 3. Economic Assessment of Recovery for Metal Material into tailings as Reusable 
Material 
After criterion 2, an economic assessment of the sustainability monitoring for metal recovery processes 

is needed. This data assessment evaluates the potential economic gains from utilizing the total volume of 

recovered metal materials. The economic assessment of metal recovery processes is the most significant 

step of engineering risk analysis tools due to its ability to offer an objective estimation of the actual 

sustainability of such a project.   

Criterion 4. Economic Comparison of Productivity Cost for Metal Recovery Activities against 

Conventional methods of tailings management. An economic comparison between the productivity 

cost of metal recovery activities against free disposal is required to verify the sustainability superiority of 

the former with respect to the conventional tailings disposal methods. This assessment considers the 

environmental rehabilitation costs in cases of tailings disposal and provides consultancy to the existing 

mining companies that do not conform to the innovative legal obligations that support the policy of 

Circular Economy. 

The underlying engineering risk analysis project plan for facing mining waste management challenges is 

based on four criteria. Criterion 1 refers to the chemical process of mining tailings gained by scientific 

case studies. Criterion 2 refers to the cost of primary installation and maintenance of industrial equipment 

to waste-treat mining tailings while metal recovery procedures occur. Criterion 3 refers to the approach 

of benefit that a start-up company aims to receive by the economic utilization of a recovered metal 

mixture and cost savings due to legal conformance with the Circular Economy’s policy. Criterion 4 refers 

to the financial comparison between the innovative business proposal of tailings management and the 

conventional methods of disposal, with no implementation of recovery processes.  

Regarding mining waste management, due to the severity of the produced hazardous waste that may 

cause high environmental risks, the selection of the optimal business decision should be highly accurate 

and meet the requirements of actual industrial conditions. The methodology of cost-effective analysis, 

known as “Cost-Benefit Analysis”, is an indicative risk analysis tool that evaluates the sustainability of the 

tailings management project by converting all technical parameters into monetary terms (50) (51). To 

verify the business decision-making by CBA, a strong statistical analysis-assessment tool supported by 

the Stochastic Risk Assessment through Bayesian Analysis is required (4) (52) (53).  

This study determines how Cost-Benefit analysis and Stochastic Risk Assessment contribute positively to 

(a) the environmental effect of MMW reduction, (b) decreasing the environmental rehabilitation cost, and 

(c) research into economically sustainable methods of recovering metal from MMW. 

Financial Risk Assessment through Cost-Benefit Analysis for Mining Waste Management enhances the 

development of an innovative engineering risk analysis methodology that could be implemented on an 

industrial scale. This methodology adopts the structural materials of CBA and applies them to assess the 

financial risk for each business decision that the mining company's administration should make. The 

current study examines two case scenarios for a start-up precious metals mining company that aims to 

produce a huge volume of mining tailings annually.  

Engineering risk analysis structured by CBA and SRA is applied to a) investigate if the innovative 

methodology of metal recovery from mining tailings that refers to Case Scenario A(1) is technically and 

economically sustainable, and b) assess its point of efficiency against the conventional method of tailings 

disposal, which corresponds to Case Scenario A(0). 
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First, Case Scenario A(0) refers to the presentation of mining activities without the 4R’s policy and non-

implementation of environmental protection measures due to the tailings disposal with non-adoption of 

recovery of beneficial materials contained in them. This business decision corresponds to the full 

approval of penalty cost for non-compliance with the environmental protection policy in case of 

environmental inspection.  

Second scenario A(1) refers to the presentation of mining activities with full implementation of 

environmental protection requirements. This business decision corresponds to the investment in a closed 

system of industrial units for metal recovery and avoiding the free disposal of tailings onto soil areas.  

Considering a) each project’s nature of work, b) legislative requirements for environmental protection, 

and c) escalation of penalty cost for non-compliance with the corresponding legislation, the total cost for 

each case scenario is extracted. Cost-benefit analysis evaluates the sustainability of each case scenario by 

its Financial Risk. The major scope of this study is to ensure the adaptability of the CBA appraisal tool to 

each similar subject of study, in which the lowest Financial Risk indices characterize optimal business 

decisions. CBA’s evaluation involves converting the parameters of each case scenario into monetary 

terms.  

Further research focuses on detecting each case’s techno-economic indicators, which demonstrate its 

efficiency level. The indicators that are analyzed and assessed are the total CBA (benefit-to-cost ratio), 

LTP (Long-Term Perspective), and ERR (economic rate of Return) for each case (35) (46) (50).  

Moreover, the present study's innovative research is enriched with the practical role of the Stochastic 

Risk Assessment by converting nominal law requirements to mathematical-statistical parameters for the 

two examined scenarios to extract the appropriate business decision. The SRA of Bayesian Analysis aligns 

the results of financial risk assessment calculated through the CBA methodology for further forecast 

accuracy. 

The SRA calculates the Risk Index (R) for both scenarios A(0): acceptance of penalty costs due to non-

conformance with environmental protection requirements and Α(1): investment in the metal recovery by 

mining tailings to be fully implemented with the European and global guidance regarding the Circular 

Economy. Thus, Stochastic Risk results provide high sensitivity to the CBA’s indices, permitting the 

consecutive monitoring of the potential risk indices for both examined cases. Thus, the sustainability of 

each case is characterized by the minimum values of LTP and R, and maximum values of ERR and CBA 

indicators (23) (54). 

2.3. Overview of Cost-Benefit Analysis and Stochastic Risk Assessment  
The scope of CBA is to analyze, assess, and identify both the operational project cost and its benefits. As it 

is comprehended, CBA evaluates the sustainability or non-sustainability of each business decision. The 

CBA’s framework, a crucial tool in this evaluation, comprises seven main steps and five major study 

subjects (50). These are presented below.  

Main steps of CBA 

1. Description of the Context 

The first step in the CBA process is the 'Description of the Context '. This step is crucial as it provides a 

comprehensive understanding of the legal, economic, and political background of the local country where 

the project will be implemented. It is essential to consider factors such as the socio-economic situation, 
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the existing economic policy, the development of operational activities, and the flexibility of legislation 

policy, as these can significantly impact the success of the project.  

2. Definition of Objectives  

The “Description of the Context” identifies the effects of the project on the local society, economy, and 

environment that need to be analyzed. Furthermore, evidence of the project’s benefits to local society is 

mandatory. These benefits have to meet the requirements of current legislation.  

3. Project Identification 

Identification of the project consists of a) physical equipment (human resources, machinery, etc) that is 

going to be used and b) the organization that will be responsible for the project’s quality control. These 

factors ought to ensure the operation’s efficiency in an environmentally friendly mode.  

4. Technical and Environmental Sustainability 

This step includes a) a strategic analysis in which are mentioned the reasons of each business decision 

approval, b) required job positions about the project’s phases implementation, c) human resources and 

responsibilities, d) environmental protection plan during work activities, e) total project management 

chrono diagram (considering milestones, major tasks, critical pathways etc), and f) whole cost estimation 

based on the previous schedule. 

5. Financial Analysis 

Financial analysis includes a) the project’s profitability to its owner and administration, b) financial 

sustainability according to positive economic balance maintenance, considering productivity and 

procurement costs (eg., the cost of used equipment, job salaries, the cost of possible mishaps, etc.).   

6. Economic Analysis 

The results from financial analysis are evaluated, and more sustainable mechanisms are implemented to 

reduce money loss. In this step, based on the previous financial assessment, indirect taxes and general 

financial burdens are reduced by alternative operational procedures.  

7. Risk Assessment 

Risk assessment considers a combination of the project’s probabilistic analysis, quality control analysis, 

and hazard analysis. This contributes positively to identifying the key tasks that may hurt the project’s 

development and formulating the risk prevention plan (RPP) accordingly.  

Major CBA’s Subjects of study 

1. Cost of Opportunities 

Opportunity cost (CO) is the loss of potential gain from other alternative solutions when one is 

characterized as the ideal to be implemented. Often, approved business decisions chosen according to the 

financial growth rationale may negatively impact the whole business plan because of other parameters 

that have not been considered. The ideal project solution must adopt the Q-C-T (Quality, Cost, Time) 

pattern. 

2.  Long-Term Perspective 
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The long-term perspective (LTP) consists of the cost of the project’s work activities over 10-30 years. In 

this task of CBA, the value of future costs and benefits is estimated, considering all the possible hazard 

effects on the project’s life. So, the identification of hazards is mandatory. Thus, CBA evaluates the hazards 

as approved or unapproved, and by this evaluation, the project’s critical pathway is extracted.   

3. Economic Performance Calculation 

Project objectives have monetary value (positive for benefits and negative for costs). CBA is based on 

these values, assessing each objective's effectiveness. Total project performance is characterized as 

beneficial or not. This assessment includes both the Economic Net Present Value (ENPV) and Economic 

Rate of Return (ERR) indicators. 

4. Microeconomic Estimation 

Each project, except for its environmental or financial impact, has a social impact, too. As a pre-operation 

microeconomic study, CBA must determine and calculate economic performance factors on this path. The 

ENPV considers the direct environmental and financial effects. Otherwise, indirect effects, such as social 

effects (eg., operation approval or disapproval by the whole area population, problems in human 

resources, etc.) have to be reduced to the lowest amount. By the elimination of indirect effects during the 

ongoing future time, better-modeled analysis is achieved.  

5. Incremental Assessment 

Incremental assessment (IA) compares two possible scenarios based on the project's work activities. The 

first scenario is described by risk approval and its possible penalty cost. The second scenario includes 

mechanisms, procedures, or implementation of environmental safety measures (e.g., equipment to be 

used, job positions, etc.) according to the legislation and their cost/benefits. Thus, each scenario is 

assessed by ERR and total CBA. This comparison uses mathematical models to determine each scenario’s 

efficiency. By IA, it is easy to output a cash-flow analysis of each possible applicable scenario, especially 

when perpetual mechanisms (Recovery/Recycling mechanisms in terms of Circular Economy) show low 

levels of ERR indicators.  

The scope of SRA in mining waste management is to assess the risk grade for each business decision 

regarding conventional tailings disposal and innovative metal recovery from mining tailings through a 

closed system of unit plants. The SRA methodology is applied after the primary statistical techno-

economic method of CBA, which converts all of the required technical parameters into monetary terms.  

By implementing SRA, CBA’s financial risk assessment, which evaluates the sustainability of each 

examined case, is calibrated to verify its incremental risk grade. Two significant variables structure the 

SRA methodology. The primary key variable refers to the probability that determines the economic 

feasibility of each examined case (42) (55). The secondary variable refers to the total cost function by CBA 

and the money loss that characterizes each case scenario, respectively (4) (56).   

The SRA is a pure stochastic mathematical-statistical analysis-assessment tool that is applied to a variety 

of scientific sectors (finance, engineering, mathematics, medical, etc.) to provide accurate estimations 

considering the examined current conditions and terms that determine the potential or expected risks 

(57) (58). Therefore, SRA is characterized as a clear scientific methodology for the detection of risk based 

on unlimited actual conditions. 
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For the stochastic financial risk detection, both the total risk probability and the corresponding cost 

function are required. Hence, the SRA, considering these two factors, calculates the financial risk grade. It 

is essential to mention that the stochastic financial risk grade refers to the rate of financial risk fluctuation 

(59) (60). 

The stochastic financial risk assessment variables setting depends on the examined case terms and 

conditions. For instance, in cases of theoretical estimations of examined cases, the setting of variables is 

achieved following the typical methodologies that determine the most suitable distributions to be used. 

In contrast, in actual cases that may refer to existing conditions (considering legal obligations, technical 

limitations, or other physical parameters, etc.) the SRA is applied using a mixture of deterministic with 

stochastic variables (55).  

In the present study, both methodologies, CBA and SRA, are applied to assess the point of efficiency 

between two examined scenarios that refer to actual conditions of the conventional and innovative 

methods for tailings management, respectively, while offering a combined financial risk analysis-

assessment engineering tool. Both methodologies are needed for an accurate financial risk assessment. 

The deterministic method of CBA calculates the total cost function of each case, including statistical 

analysis. The stochastic approach of SRA is applied to verify the results of CBA or assess any potential 

deviation. 

2.4. Role of Circular Economy in Tailings Management  
Following the terms and definitions declared in Agenda 21 which corresponds to a memorandum action 

plan for sustainable development, the policy of Circular Economy is established to provide an indicative 

perpetual cycle of industrial operations respecting the environment and human health (5). According to 

waste management, especially in the case of mining activities that produce huge volumes of hazardous 

waste, the philosophy of Circular Economy, which refers to the policy of 4Rs should be adopted to avoid 

any risks, even for the environment or human health (1) (18) (61).  

The strategic plan of CE aims to minimize the environmental, health, and safety risks while creating 

chances for business development in terms of green growth by the utilization of waste (62) (63). The 

Policy of CE is supported globally by the general guidance of sustainable development (5). Respecting 

this, in the European Union, specific guidance is enacted to provide specific obligations for the waste 

management plan that each European region should conform to. Focusing on the mining waste 

management plan, the corresponding directives 2006/21/EC and 2008/98/EC (9) (10) indicate the 

mandatory procedures that mining companies should follow to manage their produced tailings. 

This guidance describes the innovative and alternative methodology of tailings management that is 

already implemented in northern Europe (Finland, Sweden) (18) (25), through a closed system of 

industrial units (by the controlled addition of acids or catalysts) to avoid any potential risk of tailings 

leachate to the environment. This tailings management plan refers to the innovative and environmentally 

safe method of utilizing mining waste while offering financial gains by reusing recovered/recycled metal 

materials. Moreover, this methodology, due to its high level of efficiency in metal recovery, especially in 

critical metals contained in tailings mass, faces the future challenges of metal supply risk that is estimated 

to occur in the new manufacturing era by 2050 (30). 

In the present study, conceptual terms and definitions of CE in an industrial scale are considered to assess 

the techno-economic sustainability of the innovative compared to the conventional tailings management 

processes. To assess this, the actual case conditions of tailings management and the regional legislation 

terms are considered (64). Each European region’s legislation conforms with the general guidance of the 
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corresponding European Directives, and its terms/ legal obligations that express the CE’s requirements 

are proportional to the region’s Gross Domestic Product. Therefore, the current study focuses on the 

financial risk assessment considering the environmental impact and CE terms expressed by the Greek 

legislation, which conforms with the European and Global guidance of Circular Economy and Sustainable 

Development. 

2.5. Conceptualization of Risk Analysis, Engineering Perspectives, and Circular 

Economy on Tailings Management 
Engineering risk analysis evaluates a business decision or operational activity before its implementation. 

Its main advantage is that it provides the required scientific evidence about each decision’s correctness. 

One of CBA’s major advantages is the well-modeled assessment of project objectives, describing them 

with monetary values (50). Thus, the separation of beneficial from costly decisions is easy to accomplish. 

On the other hand, it seems that this modeled system would not be suitable for all project types because 

of their varied nature of work. However, this could already be reckoned in microeconomic estimation ME 

and incremental assessment IA supported by the SRA (23) (40) (55).  

According to the waste management practices of mining activities, CBA is used to compare possible 

scenarios' negative costs and potential benefits (in terms of CE) and environmental rehabilitation (40) 

(65) (66). The lack of investment in innovative mining waste management describes the first Case 

Scenario A(0) that refers to conventional methods of tailings disposal. In contrast, the negative cost of 

investment in a closed system of industrial units (following the guidance of CE) to waste treat mining 

tailings, including potential benefits by the utilization of recovered metal materials (rare earth elements 

(REEs), strategic metals (SM), or other precious metals (PM)) refers to the second Case Scenario of 

innovative tailings management. The negative cost of each case scenario is calculated by the negative goal 

function (GF), which considers each negative cost expressed through the loss function (LF) calibrated by 

the relevant Probability Density Function (PDF), which describes the fluctuation for the estimation of 

negative probability.  

CBA is suitable for both scenarios, including applicable mathematical models, to complete all required 

tasks. The main disadvantages of each business decision are the higher penalty cost of non-compliance in 

the first scenario and the cost of investment, including any probable financial gains in the second scenario. 

Thus, CBA tasks could evaluate the sustainability of each scenario based on LTP, ERR, and total CBA 

indices. 

There are no relevant references/studies in which the legislative obligations are transitioned to countable 

techno-economic indices or mathematical indicators, especially in challenging cases of the mining 

industry. So, there is no sufficient scientific evaluation for the appropriate business decision in industrial 

mode, between the conventional and innovative methodologies of tailings management.  

The two options for the administration of each mining company are a) non-compliance with the 

obligations and guidance of environmental legislation and full acceptance of potential penalty costs (Case 

Scenario A(0)), and b) investment in actions for full conformance with the guidance of environmental 

legislation and gain of potential economic benefits by the reuse of recovered materials (Case Scenario 

A(1)).   

The cost-benefit analysis on investment projects objectively evaluates all the legal and technical 

parameters converted into monetary terms. The scientific role of SRA is to align the total GF calculated by 

CBA to prove a more sensitive future approach to grading the sustainability of any similar project. The 

grading of sustainability is expressed through the Risk Indicator. So, the most sustainable Case Scenario 
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is characterized by the minimum LTP and R indicator while adopting the maximum ERR and CBA 

indicator. Furthermore, as a general observation for the efficiency of Case Scenario A(1) against Case 

Scenario A(0), the Internal Rate of Return (IRR) is calculated after the overall CBA. The IRR indicator is 

not an accurate decision-making rule because the Net Present Value (NPV) changes within the forecast 

period. By the end of the CBA, IRR shows the stochastic grade of efficiency among the comparable 

scenarios, A(1) to A(0) (50). 

Considering scientific studies on the technical-economic analyses according to the CBA methodology, data 

analysis is provided, including partial parameters (40) to evaluate the project's total sustainability (65). 

This subject of science could be tailored to each project’s requirements. Therefore, applying CBA 

examines specific factors that determine the total cost of investments and the potential benefit. For 

instance, regarding the metal recovery procedures that should be implemented in the case of electronic 

equipment waste management, there is a necessity for the estimation of the machinery’s installation cost, 

the charges of transportation, the operational cost, and the potential benefit (67). Another indicative 

application of the CBA to assess the sustainability of metal recovery by photovoltaic waste focuses again 

on the total investment cost configured by the primary installation cost for the required equipment, 

operational cost, and income benefit (37). 

The proposed Case Scenario A(1), which refers to mining waste management in terms of 4Rs for mining 

tailings, is evaluated through the obligations of CBA. So, its evaluation is proportional to the numerical 

values of Long Term Perspective and Economic Rate of Return  against the relevant indices of the opposite 

Case Scenario A(0). The optimal business decision between these two Case Scenarios refers to the 

minimum numerical value of LTP and R and the maximum numerical value of ERR and CBA indices. 

Thus, the sustainability of each case scenario is evaluated through the final CBA index configured by the 

ratio of benefit to cost B/C and R index configured through SRA. To compare the grading of stochastic risk 

assessment, the ratio of the Risk index multiplied by the cost functions is applied between the two 

examined cases. If the CBA ratio exceeds the numerical value 1, then the examined case is optimal. 

Otherwise, regarding the ratio of R indices multiplied by the cost functions for each case, if its numerical 

value exceeds 1, the examined case is characterized as risky (68). This case does not refer to the optimal 

business decision. 

Considering this axiom, to accurately estimate the sustainability of each case scenario examined, CBA’s 

output (Goal Functions for both cases) needs to be calibrated through Bayesian Analysis. The provided 

SRA aims to calibrate the output of CBA’s Goal Functions through Risk Integrals that assess the degree of 

financial risk (69) (70). 

2.6. Conceptual Framework for Integrating CBA & SRA in Mining Operations 
This study’s research target is to identify the optimal business decision that the administration of a start-

up mining company should follow. The provision of the optimal business decision is supported by the 

financial risk assessment for two examined cases A(0) and A(1), considering the terms of the Circular 

Economy for environmental protection. Due to the combination of mandatory legal obligations that 

express the Circular Economy’s requirements and technical parameters that each mining company should 

apply to satisfy the purposes of the 4Rs (reduce, recover, reuse waste), the CBA is implemented to convert 

all these factors into monetary terms while providing a detailed financial risk assessment in an objective 

mode. Further research focuses on detecting each case’s techno-economic indicators, demonstrating their 

efficiency level. Indicators that are analyzed and assessed are the total CBA, LTP, and ERR for each case.  
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Moreover, the present study's innovative research is enriched with the practical role of the Stochastic 

Risk Assessment by converting nominal law requirements to mathematical parameters for the two 

examined scenarios to extract the appropriate business decision. The SRA of Bayesian Analysis aligns the 

results of financial risk assessment calculated through the CBA methodology for further forecast accuracy. 

The SRA calculates the Risk Index (R) for both scenarios A(0): acceptance of penalty costs due to non-

conformance with environmental protection requirements and Α(1): investment in the metal recovery by 

mining tailings to be fully implemented with the European and global guidance regarding the Circular 

Economy. Thus, Stochastic Risk results provide high sensitivity to the CBA’s indices, permitting the 

consecutive monitoring of the potential risk indices for both examined cases. Thus, the sustainability of 

each case is characterized by the minimum values of LTP and R, and maximum values of ERR and CBA 

indicators. 

The CBA methodology considers legal obligations expressed through economic parameters for each 

current project. This study investigates how alternative mining waste management systems could be 

sustainable by recovering metals from mining tailings. Thus, CBA is applied to these projects' 

circumstances.  

CBA tasks vary for every technical project, but the methodology tasks stay standard. So, CBA should fulfill 

the seven steps mentioned in section 1.2. The CBA process chain consists of the following targets, which 

should be determined regarding the pre-operation of tailings management (50) (71).  

CBA targets to determine - Strategic Management (72) 

1. Objective Definition 

2. Scope Definition 

3. Project Impacts/Monetary Evaluation 

4. Identification and Responsibilities/Work Sharing of involved stakeholders 

5. Financial risk assessment based on project impacts evaluation 

SRA tasks accounting for the CBA results to provide a more accurate financial risk assessment approach. 

The targets that should be determined before the actual operation of tailings management and detecting 

the optimal business decision are the following.  

SRA targets to determine - Strategic Management (4) (23) (54) 

1. Accounting of Cost Functions calculated by CBA 

2. Selecting the most appropriate statistical distribution that describes the actual conditions of the 

examined cases 

3. Identification of Stochastic Financial Risk Assessment 

4. Identification of the stochastic financial risk grade 

5. Approval of the most optimal business decision 

By this methodology, mining waste management infrastructure activities are socio-economically and 

environmentally feasible (71) (73). Infrastructures consist of recycling mechanisms, used equipment, 
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human work teams, required plant installation costs, chemical reagents, etc. Mathematical formulas 

determine all these factors and describe their impact on the total project’s cost economically.  

These formulas are specific to each CBA target. The total chain of CBA provides the ability to identify 

optimal solutions by considering each target’s equation results. These equations refer to the total goal 

functions for both examined cases. So, they are aligned with the Beta distribution through SRA to calculate 

the risk indicator for each Case Scenario. Further information regarding determining mathematical 

variables for both CBA and SRA is described in the Methodology Section. 

During audit in Case Scenario A(0), the non-conformance might be detected or might not be. Therefore, 

in this case, the binomial distribution is the most suitable mathematical tool to describe the probability 

of non-compliance.  

On the opposite side, Case Scenario A(1) has a high grade of conformance with legal obligations. Despite 

this, there is a risk of environmental pollution due to any potential leachate of hazardous waste in specific 

areas inside the industrial field. Therefore, the Binomial and Erlang distributions are applied to describe 

two major partial cases that refer to the real challenges that need to be assessed, respectively.  

The binomial distribution is applied to prove the Probability Density Function when environmental 

pollution might or might not be detected during an audit control. The Erlang distribution is applied in the 

condition of standard non-conformance per audit control, so the potential penalty increase grows linearly 

(42) (74).  

In Case Scenario A(1), each distribution refers to two conditions. The first condition refers to potential 

environmental pollution detection in different locations inside the industrial field, so the negative 

targeting adopts a stable numerical value. The second condition refers to potential environmental 

pollution detection in a specific location inside the industrial field, so the negative targeting increases 

annually. At the same time, there is a high degree of compliance with mandatory legal obligations. 

Specific Probability Density Functions express all the probable cases of Scenario A(1). These functions 

are applied to extract the relevant negative goal functions that approach the total financial risks of Case 

Scenario A(1). Comparative evaluation of these goal functions guides the range of financial risk that refers 

to Case Scenario A(1) through CBA. Moreover, these goal functions are aligned through SRA to calculate 

the total risk indicators that describe each Case Scenario’s conditions.  
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3. Research Methodology 

3.1. Research Design and Approach of the Financial Engineering Risk Analysis 

Model 
This PhD dissertation focuses on applying engineering risk analysis perspectives to assess the optimal 

business decision for a start-up mining company regarding tailings management, considering the legal 

obligations that express Circular Economy policies and are mandatory for the mining industry. The 

philosophy of the applied engineering risk analysis tool accounts for the results from similar scientific 

studies that support the innovative and alternative tailings management processes and environmental 

risks of mining waste (23) (41) (75).  

It is logical to assume that a financial engineering risk analysis model for business decision-making should 

be applied before the start of mining operations to minimize the source of a huge volume of hazardous 

waste production without an action plan that meets the Circular Economy policy’s requirements. 

Engineering risk analysis in business decision-making for mining activities allows a comparison between 

conventional and alternative tailings management processes based on technical and economic criteria (4) 

(15) (33) (76).  

The conventional method of tailings management, known as dry-sludge, refers to the utilization of mining 

tailings as binding material in separate industrial applications such as the production of concrete mix, 

backfilling, stonewalling, etc., after the moisture removal. This conventional method involves tailings 

disposal until moisture removal is achieved (21) (77) . This corresponds to high environmental hazard 

sources and risks. There are occurred cases in which environmental damage cases caused by tailings 

disposal dam collapse is irreversible due to the acidic nature of the waste, and the placement of 

geomembranes is not an efficient method to avoid widespread environmental pollution (78) (79) (80) 

(81).  

Hence, an indicative engineering solution to address the environmental risks caused by tailings disposal 

focuses on establishing closed industrial unit plants to treat the produced mining waste through metal 

recovery processes (18) (24) (82). This innovative methodology has already been implemented in 

Scandinavian regions and conforms with the legal obligations for sustainable mining declared in 

European Directives 2006/21/EC and 2008/98/EC. Application of this technique for tailings 

management, except for the ergonomic plan that depends on the quality of equipment to be used, requires 

a financial assessment to estimate the grade of sustainability. 

A financial risk assessment is needed to prove that this innovative methodology (Case Scenario A(1)), 

which fully conforms to environmental protection legal obligations, is more economically effective than 

the conventional tailings disposal (dried-sludge) methodology. Considering the axiom that potential 

environmental damage from hazardous waste (such as mining activities' tailings) is catastrophic and 

irreversible, it is comprehended that a model of engineering risk analysis needs to be implemented before 

the actual mining operations occur. So, both methodologies, CBA-SRA, that structure the engineering risk 

analysis tool, have significant importance for the mining sector due to their ability to assess the optimal 

business decision for tailings management.  

The financial risk assessment provided by the CBA offers an accurate approach to the total investment 

cost needed in Case Scenario A(1) compared to Case Scenario A(0). This financial risk assessment 

accounts for the probability of non-conformance that refers to each examined case, revenues from the 

utilization of recovered metals, and cost savings due to environmental legal conformance for the Case 
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Scenario A(1) to the opposite conventional tailings management methodology in Case Scenario A(0). 

Based on the financial risk assessment through CBA, specific economic indicators of sustainability that 

characterize the grade of technical and economic efficiency in terms of Circular Economy and 

corresponding legislation for each examined case are objectively calculated.  

The current study, especially for Case Scenario A(1), examines five sub-cases that may refer to actual 

conditions in mining activities during environmental inspections. The financial risk assessment through 

CBA is provided for all these sub-cases, even though some may refer to purely theoretical approaches. 

Considering the scientific methodology SRA of Bayesian Analysis, a transparent stochastic methodology 

is applied to verify the results of CBA. Considering statistical tools, the SRA methodology offers a 

stochastic financial risk assessment for detecting the sustainability ranking of each examined case. 

Moreover, the advantage of SRA is that it detects the degree of financial risk escalation identified by CBA.  

3.2. CBA and SRA Case Studies Selection  
Regarding optimal business decision-making about tailings management in the mining sector, a financial 

engineering risk analysis research approach is required to assess the sustainability grade among the two 

examined cases of conventional to innovative tailings management processes. Each methodological tool 

provides separate offers for the total objective evaluation. Corporation management systems of the 

mining sector should consider the overall risk analysis (including technical parameters and economic 

assessment) that focuses on their tailings management plan to minimize their negative environmental 

impact, as guided by the legislation of environmental protection that expresses the Circular Economy’s 

principles before their actual mining activities. 

The general guidance of investment projects indicates that CBA is the most appropriate economic 

appraisal tool (50). Thus, CBA methodology plays a significant role in the financial risk assessment of the 

examined cases of tailings management. The economic evaluation of each business decision should be 

considered before a start-up mining company requests a financial loan from funds or financial 

institutions. 

The CBA methodology is indicated as a typical and valuable financial assessment tool in sustainable 

tailings management systems, which invest in closed unit plant systems that separate beneficial from 

waste material through recovery processing (3) (83). CBA could be applied to assess the grade of 

economic sustainability between conventional and innovative methodologies of tailings management, or 

between different processing approaches of metal recovery supported by closed industrial unit plants 

(16) (84) (85). Despite guidance on implementing CBA to evaluate each business decision in tailings 

management economically, its application in actual cases where CBA provided the corresponding 

sustainability indicators is limited to an extremely low range. 

SRA methodology, through Bayesian Analysis in business decision-making, is an indicative method for 

detecting potential or expected risks expressed in monetary terms (4) (39) (54). As a statistical approach 

tool, Bayesian analysis estimates the potential or expected degree of risk that describes each examined 

condition. The applicability of Bayesian analysis to calculate stochastic risk grade depends on the natural 

parameters and their transition into numerical values for each assessed problem (42) (55). Therefore, in 

business decision-making through engineering risk analysis, due to the complexity of the combined sector 

(finance and engineering), a mixture of statistical distributions that refer to the natural parameters is 

indicated to provide an accurate approach (42) (56) (86).  
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The most helpful key finding from the application of SRA is the detection of the sustainability grade that 

describes the financial risk escalation calculated from CBA and refers to each case scenario. Accounting 

for this and the cost functions calculated by CBA, the verification of efficient points between the two 

examined cases is accomplished. Moreover, SRA results identify which of the sub-cases that refer to actual 

conditions are more probable to occur despite their assessed sustainable cost calculated by CBA. So, the 

SRA tool provides a higher level of sensitivity in the strategic plan of sustainable mining.          

3.3. Methodological Framework for Cost-Benefit Analysis 
The current study focuses on applying CBA to evaluate which of the two probable case scenarios 

(conventional or innovative tailings management methodology) is more appropriate for a start-up mining 

company to follow regarding tailings management, considering the principles of CE and the legal 

obligations that describe them. The engineering risk analysis tool structured by CBA takes into account 

the cost of the selected option that corresponds to the most sustainable decision in the total needed 

business development financial loan. Therefore, the applied CBA methodology refers to a deterministic 

financial risk assessment that includes the probable cost savings, benefits, and statistical approach of 

future economic efficiency that characterizes each case.  

Therefore, CBA should imply the techno-economic findings needed as declared in the corresponding 

guidance for investment projects (50). These indicators, tailored to the project of tailings management 

needs, are the total benefit-to-cost ratio (B/C or CBA index), the long-term perspective, and the economic 

rate of return.  

The B/C ratio corresponds to each examined case condition's total benefit and cost ratio. The benefit of 

each case refers to the difference between the cost of the opposite scenario and the outflow cost of the 

existing one. The benefit function includes costs, cost savings, and financial gains that describe each case 

condition. It is essential that the B/C ratio has a significant effect on the discount rate that a financial 

institution provides loans and funding to each mining company. A high B/C ratio corresponds to high or 

scalable discount rates. The discount rate of funding mining companies for sustainable mining growth 

depends on each financial institution's policy. Funding institutions’ representatives evaluate the B/C ratio 

before funding, which is estimated (from the administration of a mining company) to be achieved. 

However, the B/C ratio is not a unique financial risk indicator that is considered to provide a financial 

loan. There are additional parameters, for instance, the preferred period of investment or repayment, the 

unexpected conditions of probable crisis situations in the market, and the unexpected political 

circumstances that may cause serious economic instability (30) (40) (50).   

The LTP indicator refers to the cost function that represents the fluctuation of financial risk depending 

on the grade of compliance with the environmental protective requirements and the corresponding level 

of environmental risks. LTP indicator expresses the ratio between the cost function of the existing 

scenario and the opposite one.  

The ERR indicator corresponds to the economic rate of return, accounting for cost savings and financial 

gains from utilizing recovered metals from mining tailings. Therefore, the ERR indicator corresponds to 

the difference between each case's full percentage of efficiency and the LTP indicator.   

The LTP indicator is weighted by an important weighting factor that describes the mining company’s 

corporate policy according to waste management and CE principles. However, the LTP indicator always 

has a more significant impact than ERR. The current study calculates this weighting factor with the 

minimum numerical percentage value to achieve a higher safety approach. 
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To assess all these CBA indicators that structure the financial risk assessment of technical parameters 

converted to monetary terms, the CBA methodology uses a deterministic statistical approach that 

describes each case’s actual conditions and is applied to calculate the total cost. The CBA financial risk 

assessment involves the cost of penalties due to non-fully legal conformance in the sustainability 

evaluation of the first Case Scenario A(0), which refers to the conventional methods of tailings disposal 

and total investment cost to implement an innovative methodology of tailings management as in Case 

Scenario A(1), which refers to the alternative methodology of tailings management adopting a higher rate 

of legal conformance. The total cost functions for each case consider the potential benefits and cost 

savings, respectively. 

3.4. Methodological Framework for Stochastic Financial Risk Assessment Models 
Considering the cost functions calculated from CBA that describe each examined condition, the current 

study provides an innovative approach regarding the deterministic financial risk escalation rate 

supported by the Bayesian analysis of SRA. Despite SRA being a theoretical approach, it is an indicative 

tool to estimate the degree of risk fluctuations in a variety of scientific applications, especially in financial 

management and engineering (23) (42). 

The philosophy of the SRA methodology is based on the axiom that if knowledge of a current condition 

and its deterministic terms exists, then it can easily be used to approximate a derived future condition 

stochastically (23) (55) (69). So, the methodological structure of SRA to be applied in business-decision 

making for the selection of the most appropriate and sustainable case focusing on tailings management 

requires two significant variables: the cost functions from CBA and the stochastic distribution that 

includes the risk probability of non-conformance and the corresponding working period of each 

condition, respectively.   

Considering the CBA financial risk assessment cost functions, SRA identifies the increase or decrease in 

grades. Hence, SRA is applied to assess the economic sustainability ranking that corresponds to each case. 

To achieve this, it is necessary to assess the producing function of the corresponding cost functions 

multiplied by the suitable probability distribution and use the at-risk probability that refers to each case 

as a differential in the risk integral (56) (68) (69). Hence, the milestone for the application of SRA is the 

setting of the Risk Integral function, considering the physical parameters of each case to be examined. 

Considering that during an environmental inspection, each non-conformance with the principles of CE 

might or might not be detected, the indicative statistical approach of the risky condition is through the 

binomial Probability Density Function and its prior, the Beta distribution, due to the occurrence of false-

trial methodology (68) (69) (70). This condition happens by default in cases A(0) and A(1). 

Especially in scenario A(1), to provide a greater safety level of approach, despite the non-conformance 

with CE principles that may or may not be detected during environmental inspection, in specific sub-

cases, it is considered that the potential non-conformance is expected to occur during the working period, 

even though there is a high level of legal conformance. Therefore, in these sub-cases, the statistical 

approach of the cost function is based on the stochastic Erlang Probability Density Function. The prior 

distribution of the Erlang Probability Density Function, in normal conditions of expected risk within a 

period, is the Gamma distribution. However, due to the potential risk occurrence, applying a mixture of 

Erlang with Beta distributions is indicated to achieve a higher stochastic risk approach (42) (55) (56) 

(87). 

Examining the two case scenarios A(0) and A(1), which refer to conventional and innovative 

methodologies of tailings management, respectively, the risk grade is calculated through the 
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corresponding defined stochastic risk integrals considering the stochastic factors of the applied 

Probability Density Functions and their prior distributions. Multiplying the calculated stochastic risk 

grade by the relevant cost functions that describe each case, the total stochastic financial risk grade, 

including monetary terms, is finally calculated.  

3.5. Life Cycle Assessment in Mining  
Life Cycle Assessment (LCA) in mining involves five significant steps, from the primary detection of 

purified ore in metal materials to the final step of closure for mining activities. Hence, the first step of a 

mining life cycle refers to the geological research. The second step refers to the design of an action plan 

for mining activities. The third step refers to the construction of the exploitation sites. The fourth step 

refers to the actual productivity period of the mine site. The last fifth step refers to the mining closure 

actions (88) (89).  

The LCA in the mining sector is a crucial factor for the entire business development in terms of “urban 

mining”. Consecutive job offers and management opportunities focusing on marketing metal materials 

extracted from mining activities increase the regional GDP. Therefore, the necessity of alternative and 

innovative techniques to positively affect the mining sector’s LCA should be adopted. Mining LCA is 

increasing while mining companies conform to the legal obligations of sustainable mining and follow the 

principles of CE (90) (91) (92).  

Considering the five significant steps of the mining life cycle, financial gains for a mining company are 

realized only during the actual productivity of mining activities. The mining company loses money in all 

the other steps due to investment in geological research, designing and sloping the mining site area, and 

closing the active sites after exploitation.  

Optimizing the life cycle of mining activities indicates investment in sustainable mining processes, such 

as reprocessing mining tailings (12). Moreover, reprocessing tailings to recover and reuse the metal 

materials implies the general guidance that principles the philosophy of CE through implementing the 

4Rs policy Without sustainable tailings management practices, environmental inspections could 

dramatically reduce a mining company's life cycle due to the penalty costs for non-compliance with the 

corresponding legal obligations (9) (10) (54) (93).  

Considering that tailings management processing should occur during the actual productivity period of 

mining activities, it is essential to mention that optimizing these procedures to maximize the LCA while 

minimizing the cost of mining closure is the most challenging part (2) (94). Hence, LCA in the mining 

sector needs the costs of sustainable mining practices to estimate each mining company's actual life cycle 

and how it corresponds to it.  

Therefore, the financial engineering risk analysis methodology structured by CBA-SRA, considering the 

principles of CE in sustainable mining, has a significant role in both ‘urban mining’ and the development 

of LCA in the mining sector.  

LCA methodology generally proves that innovative methodologies of metal recovery through 

reprocessing of mining tailings contribute positively to the risk minimization of acidic leachates as in 

conventional tailings disposal cases (24) (93). However, to accurately estimate the incremental rate of 

LCA in the sustainable mining sector, the operating cost of tailings management through metal recovery 

techniques should be calculated depending on actual conditions (tailings chemical process, tailings 

capacity, and concentration of metals into the tailings deposit). The LCA approach continuously compares 

the sustainable mining action plan with the conventional one.   
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3.6. Limitations of Research 
Considering the significant role of mining activities in the industrial sector for satisfying human needs 

and respecting the terms and conditions of sustainable development in the mining sector, this PhD 

dissertation aims to prove that alternative and innovative methodology for tailings management is 

economically sustainable. Based on existing scientific research, there is a high environmental pollution 

risk where mining waste are freely disposed of to be dried and utilized as reusable material in separate 

industrial applications (3) (18) (23) (47) (95). Therefore, methodologies of reprocessing mining tailings 

are indicated as an appropriate business decision (16) (18). 

To assess the sustainability of these indicated methods, a risk assessment tool that calculates their 

effectiveness and viability to be adopted by the mining sector. Hence, an engineering risk analysis tool 

that converts technical parameters, legal obligations, and existing scientific evidence into numerical 

values and monetary terms is valuable in front of the challenges for the new manufactured era of green 

growth. 

The current PhD dissertation, based on the existing studies regarding the processing of metal recovery 

from mining tailings, presents an innovative upscaled case scenario (Case Scenario A(1)) that adopts the 

guidance of reprocessing tailings and is economically assessed to identify its total financial cost. 

Emphasizing the existing research gap about the practical cost of an actual tailings capacity reprocessing 

on an industrial scale by providing specific techno-economic sustainability indicators, the CBA is applied 

to assess the required sustainability indicators' numerical values while providing an entire techno-

economic analysis estimation.  

The techno-economic analysis assessment aims to prove the cost approach of such an innovative tailings 

management reprocessing by overrunning the examined case work layout to offer a high level of safe 

estimation. The overdesign of working activities ensures a high level of efficient recovery, described by 

higher investment costs. Moreover, the techno-economic analysis assessment supported by CBA 

evaluates the at-risk penalty costs and techno-economic indicators of sustainability due to environmental 

non-conformance with the mining sector's corresponding legal obligations for the conventional tailings 

disposal case (Case Scenario A(0)). 

By applying CBA to the entire cost evaluation of these two Case Scenarios A(0) and A(1), the overall 

deterministic financial risk analysis is accomplished, providing comparative scientific evidence for 

detecting the point of efficiency between the two comparable conditions. It is essential to mention that in 

Case Scenario A(1), except for the practical sub-cases that may occur, theoretical sub-cases are examined, 

focusing on their financial risk estimation, too. To verify the deterministic approach provided by CBA, a 

stochastic simulative approach supported by SRA is applied, considering the cost configuration of CBA. 

The SRA methodology describes the grade of the financial risk escalation demonstrated by the CBA. It 

emphasizes stochastic statistical variables (tools) to determine how each mining company’s corporation 

policy affects its financial risks, considering the principles of CE. Furthermore, the SRA methodology, as a 

purely scientific method, identifies which of the theoretical sub-cases are less probable to occur in actual 

conditions on an industrial scale.  

Through SRA methodology, stochastic risk indicators that characterize each examined case are calculated, 

including monetary terms or purely involving the total risk probability of non-conformance. The 
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stochastic risk results contribute positively to the comparative assessment for the grade of sustainability 

that describes each case condition.  

The overall financial engineering risk analysis tool structured by the CBA-SRA configures the 

deterministic risk matrix, comparing stochastic financial risk indicators that refer to the corresponding 

at-risk costs of each assessed condition. The entire risk matrix provides evident data regarding the 

complex cross-examination of financial risk assessment between each examined case and sub-case. 
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4. Circular Economy adopted by Financial Engineering risk analysis for 

Tailings Management 

4.1. Definition and Principles of Circular Economy in Mining 
The philosophy of the circular economy supports the policy of the 4Rs and aims to utilize waste produced 

in every sector of human life. The final scope of the CE is for everyone to adopt the importance of 

minimizing the volume of produced waste and supporting the recovery and recycling processes. The last 

target is to reuse the recovered and recycled materials from waste (96) (97) (98) (99).  

Based on that and following the guidance of sustainable development (5), especially in mining activities, 

legal obligations that indicate mandatory procedures that focus on mining waste management have been 

enacted by the European Union (9) (10), and as an expansion by all the European countries with strict 

severity proportional to the regional GDP, such as in Greece (64) (100) (101).   

The principal targets of those obligations that express the CE policy are minimizing environmental 

pollution risks by enacting high penalties and environmental rehabilitation costs for the mining 

companies that do not conform to the policy of the 4Rs. Thus, the need for minimization of environmental 

pollution risks is very important in the life cycle of mining industries (89) (90). The cost of negative 

environmental impact and waste treatment is proportional to the concentration of metal ions in mining 

tailings (102).  

Minimizing negative environmental impact consists of both heavy metal removal and acidic character 

reduction in the final waste disposal site (1) (43) (44).Heavy metals’ ions, such as Cd, Cr, Pb, As, Ni, Cu, Zn 

etc., exist in mining tailings (103). These ions are dissolved in the final disposal site’s aqueous 

environment as shown in Figure 2. The water of this place comes from mineral enrichment waste. As a 

result, already contains a low amount of chemical acids. By the addition of metal ions, chemical redox 

processes begin. So, the whole pH becomes lower. In addition to heavy metals, other metal types, such as 

precious, strategic metals, rare earths, etc., exist in mining tailings too (48) (97) (104) (105) (106) (107). 

 

Figure 2 Pictographic view of the flow of leachates from the tailing dam of an iron ore mine to nearby surface water 
bodies (97) 

Considering the nature of mining activities, CE's policy, as shown in Figure 3, focuses on minimizing 

unavoidable risk sources. The legal obligations of sustainable mining respecting the principles of 

circularity are an incentive for the mining industry to proceed with the adoption of alternative methods 

of managing and utilizing their produced tailings.  
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Figure 3 Origin of Environmental Risks in Mining Activities: implementing the conventional Tailings Management 
Procedures 

Removal processes of the metal ions contained in tailings are required to minimize hazardous sources of 

environmental pollution (1) (41) (48) (62) (82) (108). CE policy, supported by the corresponding legal 

terms, obliges the mining sector to adopt environmental legislative requirements to avoid high financial 

risks due to the penalties of non-conformance or minimization of the life cycle of mining activities.   

Non-compliance with environmental protection requirements refers not only to the detected 

environmental pollution during audit control by the authorized representatives of national 

environmental organizations. Non-conformance is characterized by four criterion probabilities that each 

of them corresponds to a specific legal obligation for a mining company. The four legal obligations that 

each mining company is required to implement are mentioned as they are declared by European 

Directives 2006/21 and 2008/98 (9) (10) and Greek Legislation (64). 

1. Avoiding Uncontrolled and Systematic Disposal of Hazardous Waste on Ground Soil. In case of non-

compliance with this mandatory legal obligation, the risky negative probability refers to probability 

θ(1). 

2. Adoption of an Environmental Protection Policy according to the Implementation of Environmental 

Protection Mechanisms (Reduce, Recover, Reuse Waste) in terms of a Circular Economy by Investing 

in Mining Waste Management and Metal Recovery. In case of non-compliance with this mandatory 

legal obligation, the risky negative probability refers to probability θ(2). 

3. Eliminate the hazard of the Environmental Pollution source. In case of non-compliance with this 

mandatory legal obligation, the risky negative probability refers to probability θ(3). 

4. Avoiding a Huge Volume of Hazardous Waste to the Final Disposal Site. In case of non-compliance 

with this mandatory legal obligation, the risky negative probability refers to probability θ(4). 

 

Weighting of the partial negative probabilities θ(1) θ(2) θ(3) θ(4), considering their impact to the total 

non-conformance as the law obligations declare it, extracts the total negative probability θ(0). The 

average of partial and potential negative probabilities calculates the total probability. This happens 
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because the partial probabilities that are considered seem to have the same negative impact on the total 

non-conformance, so they have the same weighting factor equal to 0.25 (9) (10) (5).  

 

According to the theoretical estimation, the total probability of non-compliance in cases of conventional 

tailings management, as in Case Scenario A(0), ranges between 0 and 100%. However, considering 

minimum risky conditions due to the lack of achievement for the 1st, 2nd, and 4th legal obligations 

expressed through θ(1) θ(2) θ(4) probabilities respectively, the range of the total probability of non-

compliance is transitioned to 75-100%.  

Based on the exact theoretical estimation in the cases of adopting an innovative indicated tailings 

management option, as in Case Scenario A(1), the total probability for non-compliance is configured 

considering maximum risky conditions due to the lack of achievement only for the third legal obligation 

expressed through probability θ(3). So, the maximum range of the total probability for non-compliance in 

Case Scenario A(1) is transitioned to 0-25%. 

4.2. Principles of Circular Economy in Mining through the Financial Engineering 

Risk Analysis Tool of Business Decision-making 
The financial engineering tool is supported by the deterministic approach of CBA and the stochastic 

approach of SRA, considering the CE policy and the legal obligations that express it. Both methodological 

approaches focus on detecting the sustainability grade of each business decision for a start-up mining 

company regarding the selection of tailings management among conventional and innovative processing.  

CBA is based on the Benefit/Productivity Cost ratio, B/C. CBA’s criteria are extracted from each project’s 

main working activities (38) (40) (50) (98). This technical economic tool, which could be used to 

determine operational strategy, considers the real needs of each project. It is mentioned that the criteria 

for decision analysis/assessment are customized. As a result, the total exported guideline would apply to 

specific industrial working activities (109).  

Therefore, the CBA method is selected over conventional methods, such as Multi-Criteria Decision 

Analysis (MCDA), Analytic Hierarchy Process (AHP), etc., as the most effective. The use of CBA in terms of 

circular economy, especially in mining waste management, is the most appropriate tool of assessment 

(50) (110).  

Considering the axioms of CBA, mining waste management activities must be evaluated based on their 

techno-economic sustainability, considering their corresponding impact on the environment. This 

requires the hierarchy of operating procedures. All the operating tasks of CBA refer to the mandatory 

legal obligations with which each mining company should comply.  

Regarding the selection of the most appropriate business decision for tailings management approach 

among the conventional one of free disposal to the innovative one, respecting the CE’s requirements of 

reprocessing tailings, by the side of a mining company, CBA provides a comparative economic assessment 

of two Case Scenarios, A(0) and A(1) respectively, considering their configured costs. The total cost of 

Case Scenario A(0) refers to the penalty cost of non-compliance with the legal obligations regarding the 

policy of environmental protection and Circular Economy. The cost of Case Scenario A(1) refers to the 

total cost of operation, primary installation, and maintenance for a closed system of industrial units that 

waste treats mining tailings (11) (111).  
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The total productivity cost of Case Scenario A(1) consists of installation and operational activities 

regarding the metal ions removal (14) (43) (112) (113). Economic assessment for this Case Scenario 

contains a) cost for chemical reagents, b) cost for energy, c) cost for primary installation, d) maintenance 

cost for the whole equipment to be used, and e) benefit from the utilization of recovered metal materials 

(63) while the environmental rehabilitation cost is minimized (40) (50) (114) (115). By this assessment, 

the total investment cost is determined. 

 

The CBA methodology provides a comparative financial risk assessment for the negative cost of each 

examined scenario A(0) and A(1). To determine the negative cost in each case, there is a necessity of the 

partial factors that configure it. For instance, in actual conditions for both cases, the total non-

conformance might or might not be detected during the audit . This happens because, in site conditions, 

the environmental inspection could be accomplished in random locations inside the industrial field. So, 

in this case, the indicated statistical variable, which is the most suitable predictive tool for describing the 

negative goal achievement to estimate the density of risk probability’s occurrence, is the binomial 

distribution expressing the trial-and-error methodology.  

 

Despite this, especially for Case Scenario A(1) and its additive sub-cases, an alternative statistical tool that 

theoretically describes a worst-case condition for the expected risk probability density of non-

conformance, even investing in environmentally friendly tailings management reprocessing, has been 

considered. This theoretical approach ensures the sensitivity of CBA results while offering the chance for 

further comparative analysis between the actual and theoretical sub-cases of the innovative Case Scenario 

A(1). So, in these sub-cases the most appropriate Probability Density Function is the Erlang distribution. 

Considering these circumstances, the separate sub-cases’ financial assessments for the additive at-risk 

cost of non-conformance are based on the legislative configured penalty cost and the cost based on the 

total investment cost that characterizes the quality of recovery, respectively.  

 

Hence, to provide a highly sensitive approach to potential negative goal achievement, both Erlang and 

Binomial distributions are considered and defined separately. So, the total negative cost is cross-

examined based on the natural meaning of the parameters that configure it.   

 

Even though tailings reprocessing for metal recovery procedures eliminates the hazard sources of non-

conformance in Case Scenario A(1), there is still a probability of total non-conformance (with a lower 

value than in Case Scenario A(0)) due to only the probability θ(3). 

The financial risk assessment, using CBA methodology, evaluates which scenario is the most sustainable, 

comparing total negative costs for Cases A(0) and A(1). The stochastic approach of SRA is implemented 

to cross-examine the CBA’s deterministic financial risk assessment. 

SRA detects the degree of financial riskescalation for each examined condition, considering the legislative 

requirements of CE. Its main scope is to verify the CBA’s results, providing a high level of sensitivity. 

Calculated risk indicators from SRA provide the estimated grade of financial at-risk costs and the rate of 

their fluctuation during the working period. 

To calculate the risk indicators, considering the cost functions of CBA, the prior distribution is needed to 

calibrate the multiplication between the stochastic Probability Density Functions and their prior 

distributions. The current study is based on the application of SRA in the mining sector, considering that 

the Sarmanov family distributions (BetE) are the most appropriate to define the risk grade for each 

condition (42) (55).  
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Due to the potential of risk detection during the environmental inspection in a mining company, the 

mixture of Beta and Erlang distributions, configuring their parameters with numerical variables that refer 

to industrial circumstances, is the most optimal stochastic statistical tool (42) (56) (87). Therefore, the 

prior distribution of risk probability’s occurrence in all examined cases is the Beta distribution. 

Implementing the SRA, which is a straightforward scientific upgrade risk assessment tool, verifies the 

deterministic results from CBA. Moreover, a comparative evaluation between these two approaches, CBA-

SRA, shows their deviation. Based on this, detecting the less probable cases that may occur in actual site 

conditions is easy.  

The SRA focuses on detecting the rate of financial risk that describes each examined case. At the same 

time, CBA emphasizes the cost-benefit evaluation that characterizes the most appropriate business 

decision, which implies the requirements of CE and the legal obligations that are mandatory for the 

mining sector. The engineering risk analysis tool structured from CBA-SRA provides a complete 

methodology for selecting and evaluating objectively the sustainability that characterizes the two main 

examined cases of conventional to innovative tailings management processes. 

 

4.3. Strategic Plan of Circular Economy expressed through Legal Policy for the 

Implementation of Tailings Reprocessing in the Mining Sector 
Figure 4 presents a strategic plan for engineering risk analysis tools based on the regulations and 

mandatory legal obligations expressing the CE policy. The engineering risk analysis model, focusing on 

the optimal business decision-making for a mining company regarding its produced tailings management, 

is structured by four separate criteria that determine the two significant targets of sustainable mining 

due to the deepening thoroughness of the CE’s principles (9) (10) (41) (3) (2). 

The two targets that need to be achieved are minimizing environmental risks, such as environmental 

pollution or costs due to penalties for non-conformance and rehabilitation costs, and maximizing the 

recovery process to expect potential financial gains by utilizing beneficial materials in tailings. This 

dynamic strategic plan ensures the technical and economic sustainability of the selected business decision 

by covering all the requirements of green growth.  

Further analysis regarding the definitions of the partial aims and scopes describing each criterion is 

conducted separately. It is essential to mention that despite both methodologies of CBA and SRA serving 

in detecting separate indicators, their synthesis provides the unique scope of detecting the sustainability 

grade among the examined cases in actual industrial conditions. Considering the deterministic results of 

the risk matrix, which are configured by the deterministic and stochastic approaches, a complete 

appraisal tool for the optimal business decision selection in the mining sector is provided. This financial 

engineering risk analysis tool can be utilized even by mining companies or financial institutions that offer 

financial loans for green development to increase their life cycle. 
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Figure 4 Hierarchy of CBA & SRA Structural Criteria that support the Entire Financial Risk Assessment among 
Conventional to Alternative Methodologies regarding the Tailings Management 

4.3.1. Defining the 1st Criterion and Description of the Problem 

Criterion 1 focuses on detecting the total mass of acid mine drainage (AMD) that needs to be treated. For 

both examined cases, the annual volume of mining waste, their chemical composition, and metal ions’ 

concentration are estimated according to indicative experimental scientific studies (1) (116) (117). The 

dissolved Base Metal Ions (BMI) in Acid Mine Tailings (AMT) are Fe2+, Fe3+, Al2+, Al3+, Mn2+, Cu+, Ni+, Ni2+. 

Dissolved Precious Metal Ions (PMI) in AMT are Ag-2-+3, Au-3-+5, Pt-3-+6 (96). 

Major Strategic Metal Ions (SMI) in AMT are Li+, Co-3-+5, Ta-3-+5, Pd 0-+4, Nb-3-+5 etc. SMI consists of Rare 

Earth Elements (REEs) such as (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Th, Yb, Lu, Y, Sc), too. Most 

of them present as chemical oxides in downstream of AMT (55). Plenty of BMI and PMI are existing near 

acid mine drainage (AMD), as native diluted ions. Lower concentration of them, as chemical salts, is 

existing in downstream place, as shown in Figure 5 (1).  
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Metal ions’ different range of concentration depends on their specific weight and the ability to form 

chemical bonds with non-metallic elements. The presence of low pH levels in tailings, has a catalytic 

impact on ionic disintegration procedures. The positive metal ions, which exist in high concentrations, 

are used to make chemical bonds with acidic roots such as SO3
2-, SO4

2-, CO3
2-, NO3. Thus, produced chemical 

salts are used to precipitate in the downstream area of the final deposit place.  

 

Figure 5 Distribution of metal ions as a function of pH of water samples collected near mining sites and from 
downstream rivers (based on (1)) 

 

4.3.2. Defining the 2nd Criterion 

The second criterion involves all the required parameters regarding the cost estimation of installation 

and operation for a closed system of industrial units that supports metal recovery from mining tailings, 

such as in the proposed Case A(1). In contrast, the approved financial risk by each start-up mining 

company that does not conform to the legal obligations is assessed, as in Case A(0). Regarding these, to 

provide an accurate estimation of the potential money loss in both examined cases, the configuration of 

the Loss Function (LF) is needed. LF aims to determine the monetary values of all techno-economic 

parameters of both cases. The significant parameter of Case Scenario A(0) refers to the configuration of 

penalty cost for non-conformance. In the opposite Case Scenario A(1), the most significant parameters 

are the total cost of investment and total benefit.  

The LF that refers to Case Scenario A(0) in the current study is configured according to the guidance of 

the relevant Greek Legislation (64) that meets the requirements of the European and Global 

Environmental Protection Policy expressed through the corresponding Directives (9) (10) (8). Due to the 

acidic and toxic behavior of mining tailings, the economic penalty is proportional to a) the Category of 

Risk classification for mining companies, b) the severity of hazardous solid & liquid waste, and c) the total 

compliance of the company in terms of Circular Economy and Environmental Protection Mechanisms. 
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The LF that refers to Case Scenario A(1) is configured according to the partial costs, configuring the total 

investment cost. These costs are a) the cost of primary installation for the equipment to be used, b) the 

cost of maintenance, c) the cost of operation that contains the cost of chemical reagents and the cost of 

energy, and d) the benefit gained by the utilization of the recovered metal mixture.  

4.3.3. Defining the 3rd Criterion 

Regarding the CBA methodology, two techno-economic indicators significantly affect total sustainability. 

These indicators are the LTP and ERR. Criterion 3 focuses on detecting these indicators for both examined 

cases. The weighting factor for each one of them is proportional to the expectations of each mining 

company’s administration. The current study considers that these indicators have the same severity on 

total sustainability. The LTP indicator refers to the grade of minimization for the financial risk of both 

cases. So, the indicator ERR is expressed by the difference between the numerical value 100% and LTP in 

each case. 

Moreover, the Benefit-to-Cost ratio detection calculates the final CBA indicator for Cases A(0) and A(1). 

To identify this ratio, the configuration of the negative goal achievement function should be expressed 

through the Goal Function (GF) in each case. GF is configured by the LF and Probability Density Function 

(PDF) (118). The role of PDF is to assess the total negative probability of achievement for each Case 

Scenario. So, by determining the financial risk through GF, the total financial risk is estimated in both 

cases (119).  

As a result, CBA evaluation by the 1st, 2nd, and 3rd criteria provides an accurate approach to economic 

assessment of the total cost of a) metal recovery operation from mining tailings, as in Case A(1), and b) 

compliance and non-compliance with required legal environmental safety measures. CBA’s evaluation 

could provide an accurate financial risk assessment of total economic benefits from a) the reuse of 

recovered base and precious metal raw material, b) the reduction of environmental pollution by the 

implementation of recovery mechanisms, and c) REE’s recovery and reuse in terms of industrial 

utilization while offering economic and social gains to each cooperative agency. 

The SRA methodology is applied to align the GF of financial risk assessment for Case Scenarios A(0) and 

A(1). Therefore, after defining the natural meaning of the GF’s parameters with mathematical variables 

for each case, the final integral that demonstrates the risk grade for both cases is configured (53) (95) 

(86). 

4.3.4. Defining the 4th Criterion 

The techno-economic risk indicators are calculated separately for each Case Scenario using SRA. These 

indicators refer to stochastic financial risk and purely stochastic risk assessment, which characterizes the 

sustainability grade for Case Scenario A(0) and Case Scenario A(1) (including its sub-cases), respectively. 

The SRA approach detects the degree of financial riskescalation. Therefore, the comparative evaluation 

of these results detects the sustainability rate of each case compared to the others. Hence, the risk matrix 

configured by the stochastic approach is a valuable tool for verifying the financial risk assessment of all 

examined cases. 

Moreover, the exported risk matrix is an applicable managerial tool that demonstrates the comparative 

risk grade ratios considering economic parameters that express legal obligations and technical factors in 

terms of the 4Rs policy.  
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4.4. Cases of Circular Economy in Mining Waste Management 
Considering the negative impact that free disposal of mining tailings may cause on the environment and 

human health, the principles of CE have been enacted through the corresponding legislation that is 

mandatory to be implemented by the mining sector (3) (9) (10) (23) (25) (41). Emphasizing these 

indicated procedures of alternative tailings management, scientific research has been developed to 

optimize processes of metal recovery from mining waste by reprocessing (2) (14) (103).  

Mining tailings reprocessing has already been developed and adopted in Scandinavian regions, especially 

Finland (18) (24). Considering the severity of metals in human life and the industrial life cycle, alternative 

methodologies for the utilization of metal materials contained in mining tailings have been applied on an 

industrial scale, too (18) (25). 

In the face of climate change and green transition, the necessity of specific metals for specific industrial 

applications and their supply risk makes them economically important. As a result, these metals, due to 

their criticality, are classified as critical raw materials (CRMs) (30). The CE policy supports the guidance 

for recovery and utilization of all flows of waste, even though mining waste, to be utilized and reprocessed 

to extract the beneficial materials they contain (24) (62) (83). 

More specific practical cases have shown that recovery efficiency in lead and zinc has been limited to 

approximately 90% from mining tailings (17). Additional case studies conforming to the CE policy have 

resulted in the efficiency of precious metals recovery above 90% (19) (120). Case studies regarding REEs 

recovery from mining tailings have shown that the efficiency of recovery could be over 93% using the 

optimal process of acids and catalysts (82) (121). 

Several mining companies in Finland, adopting the CE policy, have achieved the following rates of 

recovery efficiency (18): 

➢ 75% of Chrome concentrates at the Kemi mine site, implementing gravity separation 

➢ 92-95% of Gold at the Kittilä mine site, implementing flotation and oxidization by the addition of acids 

and catalysts 

➢ 95-96% Copper and 92-93% Zinc at the Pyhäsalmi mine site, implementing a flotation technique 

involving chemical reagents and catalysts  

➢ 80% Nickel and Zinc at the Talvivaara mine site, implementing bioleaching and chemical reagents 

➢ 80-85% Gold at the Vammala mine site, implementing gravity separation and flotation 

➢ 58% Nickel at the Lahnaslampi mine site, implementing gravity separation with no chemical reagents 

or catalysts 

Considering these applicable techniques by mining companies that adopt the philosophy of Circular 

Economy, it is comprehended that recovery efficiency may differ between separate mine sites due to their 

chemical contents and the reprocessing method of tailings management. So, there is practical 

sustainability of the CE adoption by the mining sector by implementing innovative methodologies of 

tailings management as in Case Scenario A(1) which are evaluated by this .  
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5. Method of Metal Recovery from Mining Tailings 

5.1. Stereochemistry of Rare Earth Elements and other metals. Its Role in 

Recovery from Mining Tailings 
Metal recovery is based on the stereochemical engineering mechanism of chemical compounding of 

chemical salts between metal ions and complex anions of acidic anhydrite (33) (34). The electron 

structure of metals has significant importance on their stereochemistry and their ability to form chemical 

bonds with other chemical substances, such as acids and reagents. The hierarchy of electron shells and 

sublayers occupation provides the exact number of outer shell electrons. As a result, principal quantum 

numbers are extracted, so it is easier to comprehend the layout of hybrid orbitals. The hierarchy of both 

electron shells and sublayers’ occupation is shown in Figure 6. The growth of orbitals is shown in Figure 

7.  

 

 

 

 

Figure 6 Growing ‘’f’’ Orbitals in Spatial 3d System a) fz3, b) fxz2, c) fx(x2-3y2), d) fxyz (122) 

 

 

 

 

 

The Electron shells K-Q are equal to numbers 1-7, and the sublayers of each one are symbolized with 

letters s, p, d, and f. The quantum number of major electron shells is “n.” The quantum number of each 

sublayer is mentioned with the symbol ”l”. The magnetic quantum number “ml” defines the orbital’s 

spatial orientation in terms of a 3d system. The quantum number “ms” defines the spin direction of a 

single electron in each electron pair. The maximum number of electrons for each shell’s sublayer is a) 2 

electrons about sublayer ‘’s’’, b) 6 electrons about sublayer ‘’p’’, c) 10 electrons about sublayer ‘’d’’, and 

d) 14 electrons about sublayer ‘’f’’.  

The number “ml” is proportional to the number “l”. Sublayer “s” equals to l=0, sublayer “p” equals to l=1, 

sublayer “d” equals to l=2, and sublayer “f” equals to l=4. The range value of ml takes integer numbers 

from negative to positive “l”. So, REEs which have both “d“and “f” sublayers have a range of quantum 

numbers “ml” [(-2)-(+2)] and [(-3)-(+3)] respectively. When the “l” number is characterized as “d”, the 

limit down and limit up of the number “ml” are -2 and +2, respectively. When the ‘‘l” number is 

characterized as ‘’f”, the limit down and limit up of the number “ml” are -3 and +3, respectively.  

The electron structure of REEs is expressed by hybrid orbitals of “d & f’’ sublayers. Thus, their position 

in the Periodic Table is the ‘’d & f’’ section (3d.secondary group and 4th & 5th period). All REEs from La – 

Lu (lanthanides) and from Ac – Lr (actinides) have 0 – 14 free electrons in their outer sublayer, 

Figure 7 Occupation of 
electron shells and 
sublayers 
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respectively. According to the REEs electron structure the number of their possible “d & f” orbitals in a 

3d system can be estimated (122). The stereochemical orbitals' system tends to be more stable due to its 

homogeneous growth on all 3 axes dimensions x,y,z. Thus, the abundance of single external electrons of 

chemical compounds, which are able to make chemical bonds with rare earth elements, is proportional 

to the stereochemical stability of the produced orbital system. 

REEs have similar physicochemical behavior, especially in forming chemical bonds with negative 

complex ions of acidic roots. REEs’ single external electrons can make electron pairs with other bonding 

electrons. This electrochemical phenomenon is exploited to recover REEs in the aqueous environment 

by adding chemical acids.  

All metals tend to reject their single external electrons and make chemical bonds with nonmetal 

elements, which receive these electrons, too. For example, metal elements form a chemical bond with 

phosphoric root (PO4)-3 complex ion in a chemical reaction between phosphoric acid and a mixture of 

REEs. The final product is [Metal-(PO4)] chemical salt. 

Example 3Mx+xH3PO4                        M3(PO4)X+3x/2H2  

Considering this chemical mechanism, it is comprehended that the use of an acidic aqueous environment 

has a catalytic impact on the production of metal-chemical salts. So, in metal recovery procedures, the 

main factors that need to be combined/ calibrated are the optimal amount of acid in a specific 

temperature environment (for each metal) with the ideal mature time (33). In an acidic environment, the 

mobilization of metals' external electrons is higher due to their tendency to make orbital chemical bonds 

with complex ions of non-metallic acidic roots. Thus, the required Ionization Energy (Ei) in a low pH 

environment is lower than in a higher pH environment.  

As a result, the most catalytic chemical mechanism for recovering all types of metal from mining tailings 

is the addition of organic and inorganic acids. This chain mode of recovery should take place inside 

industrial units, which must be monitored, and the whole operation should be under control. 

Each metal element's recovery efficiency varies according to the type of acid used, the acidic range 

concentration, and the interaction time. It has been reported that the most efficient acid for REEs’ 

recovery is Di-Ethylhexyl phosphoric acid (D2EHPA), which can enrich the concentration of scandium 

and other REEs (*Sc is the most expensive metal of all REEs (123), and separating it from other metal 

materials (33) (124) (125). Separation and enrichment of REE concentration is due to the formation of 

the corresponding chemical salts (125) (126).  

For example, the chemical bond between Nd with the phosphoric acid root (PO4)-3 is Nd3(PO4)4. The 

electron structure of Nd is [Xe]4f4 6s2. In the chemical compound of Nd3(PO4)4,  4fx
3,4fy3,4fz3,4fxyz orbitals 

of Nd tend to grow their dimensions in a 3d spatial system by forming lateral bonds with external 

electrons of (PO4)-3 complex ion. Table 1 presents the explanation of quantum numbers and orbital 

characteristics.  
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Table 1 Explanation of Quantum Numbers and Orbitals’ Symbolism 

Quantum Numbers Orbitals 

Electron 
Shell  

n 

Sublayer  
l 

Magnetic 
Quantum 
number 

 ml 

Character Number Orbital’s Symbol  

1 0 0 s 1 1s 

 
2 

0 0 s 1 2s 

1 -1,0,+1 P 3 2px,2py,2pz 

 
3 

0 0 s 1 3s 

1 -1,0,+1 p 3 3px,3py,3pz 

2 -2,-1,0,+1,+2 d 5 3dyz,3dxz,3dxy,3dx2-y2,3dz2 

 
 

4 

0 0 s 1 4s 

1 -1,0,+1 p 3 4px,4py,4pz 

2 -2,-1,0,+1,+2 d 5 4dyz,4dxz,4dxy,4dx2-y2,4dz2 

3 -3,-2,-
1,0,+1,+2,+3 

f 7 4fx3,4fy3,4fz3,4fxyz, 
4fx(z2-y2),4fy(z2-x2),4fz(x2-y2) 

 
 

5 

0 0 s 1 5s 

1 -1,0,+1 p 3 5px,5py,5pz 

2 -2,-1,0,+1,+2 d 5 5dyz,5dxz,5dxy,5dx2-y2,5dz2 

3 -3,-2,-
1,0,+1,+2,+3 

f 7 5fx3,5fy3,5fz3,5fxyz, 
5fx(z2-y2),5fy(z2-x2),54fz(x2-

y2) 
 

6 
0 0 s 1 6s 

1 -1,0,+1 p 3 6px,6py,6pz 

2 -2,-1,0,+1,+2 d 5 6dyz,6dxz,6dxy,6dx2-y2,6dz2 

7 0 0 s 1 7s 

1 -1,0,+1 P 3 7px,7py,7pz 

8 0 0 s 1 8s 
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Figures 8, 9 demonstrate the orbital types s, p, d, and f in the 3d system. Figure 10 shows the steps of 

metal recovery that were followed in the most optimized existing scientific experimental study (33). 

In dissolution pH of 0.35 and D2EHP with an acidic range 1-11 M, 98% of Sc was extracted, whereas 

iron(Fe), yttrium(Y), and lanthanides(La) were left in the tank solution (33). The final extraction order 

was Sc3+ > Fe3+ > Lu3+ > Yb3+ > Er3+ > Y3+ > Ho3+.  

After the first separation, P2O4 was dissolved in a mix of hydrochloric and nitric aqueous acid (HCL & 

HNO3)aq, with an acidic range of 1-5 M, to extract and separate iron and other metal elements. The second 

separation achieved the extraction order Sc3+> Th3+ > Ce3+> Lu3+ (33). 

After the second separation, P2O4 was dissolved in sulfuric aqueous acid (H2SO4)aq, with an acidic range 

1-5 M, to extract and separate amounts of cerium, thorium and lanthanum from other metal elements. 

The third separation achieved the extraction order Sc> Ce> Th > La (33). 

This is a typical recovery procedure that uses a variety of acids in a perpetual mode of 2,3, or 4 steps to 

achieve the highest ratio of recovered material (32) (33) (34) (124).  

                                                                                                                               

 

 

Figure 10 Separation and Purification Procedures of REEs (33) 

Repetitive procedures of acid addition and filtration achieve the purification/Enrichment stage. The 

precipitated chemical salt of each step is the REE/other metals-enriched cake. The floating product of 

each phase of enrichment is input into the next purification procedure (22). 

The whole philosophy of metal recovery is based on a) their electron structure b) ionization of metals’ 

external electrons and its impact on forming chemical bonds with non-metal elements, b) the 

orientation of orbitals while they are tending to get a more stable 3d structure, along all directions of 3d 

system, by making lateral bonds with non-metal complex ions.  

Figure 8 Isomeric of orbitals type f in 3d spatial system 
(122) 

 

Figure 9 Orbitals s, p, d in spatial 3d system (122) 
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5.2.  Mechanism of Metal Recovery from Mining Tailings 
Recovery is a crucial factor in Mining Waste Management. The ability to ensure high amounts of recovered 

metals from abandoned mining tailings contributes positively to environmental protection and the reuse 

of waste in terms of the Circular Economy, meeting the requirements of relevant International and 

European legislation. 

Operation cost is one of the most inhibiting reasons for the implementation of Recovery activities. This 

enhances the scientific importance of the exploration of engineering techniques to increase the efficiency 

of the whole procedure (127) (128). As a result, metal recovery could be more sustainable on an industrial 

scale. 

Metal Recovery’s Efficiency is determined by the pH, Temperature, Concentration in acids (metal’s ability 

to form stronger chemical bonds by producing complex chemical salts), and the gravitational force of 

metals (due to their specific weight while precipitating in the downstream area) (1) (116) (129). 

According to scientific studies, the recovery efficiency is proportional to the addition of acids, catalytic 

organic-inorganic compounds, and microbes (22) (32) (49) (123) (130) (131). Aside from the presence 

of chemical reagents and microbes, an important role is the optimal residence time in which plenty of 

metals create complex ionic structures and precipitate downstream.  

Figure 11 presents the efficiency of REEs and iron recovery (22). The mechanism involves four steps of 

recovery. The floated liquid material from the first step is input into the next one. This flow sheet is 

repeated three more times. In the first step, aqueous dissolution is used with deionized water and 

chemical acids (H2SO4 and HNO3 1% w/w with C=1-2M).  

In the second, third, and fourth steps, an aqueous dissolution by deionized water and chemical acids 

(H3PO4 and HCL 1% w/w with C=1-2M) is used. The ratio of aqueous dissolution’s mass and tailing’s 

volume is 1gr/Lt in all recovery steps. Catalytic compounds such as Cyanex 572, Cyanex 923, and D2EHPA 

accelerate the downstream of chemical salt production (34). The ratio of acids could vary from 1-5M and 

is proportional to the catalytic compounds, preference time of recovery, etc. (33) (132). Figure 11 shows 

the mechanism of filtration of REEs using NF membranes, and the corresponding ratio recovery efficiency 

using three different catalysts. 
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Figure 11 Efficiency of Metal Recovery using catalyst 
concentrations from 0,04 to 0,3 moles/Lt a) D2EHPA, b) Cyanex 
572, c) Cyanex 923 (33) (34) 

REE recovery efficiency up to 95 % is achieved by the 4 stages of oxidation, using H2SO4 & HCL (in the 1st 

step), HCL & H3PO4 (in the 2nd , 3rd, and 4th steps). The entire procedure is conducted in a temperature 

range of 18-22 oC . The catalysts’ role could be replaced by the action of microbes/bacteria (99) or other 

organic compounds (72) (77). The presence of microbial bacteria reduces, in high amounts, the cost of 

chemical mass flow (83). 

In other experimental studies, it is mentioned that the efficiency of REEs and other metals recovery up to 

80-95% is achieved by the combined use of chemical (organic compounds, catalysts, acids) and biological 

reagents mix and nanomembranes NF (33) (32). NF used in recovery procedures is to filter clear metal 

ions or acidic roots and separate them by the chemical salts’ complex ions. In the following step, the extra 

use of chemical and biological reagents increases the ionic separation of metals by non-metals, making 

the potential use of a nanomembrane more efficient. Table 2 shows the recovery efficiency of Germanium 

and other REEs at specific pH conditions using other catalysts. 
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Table 2 Critical Raw Materials-REEs extraction by stainless steel microfiltration membrane (32)  

Membrane Extractant pH 
Rejection 
Efficiency 

Rejected REEs 

Stainless steel 
with a pore size of 

5 μm 

2-Ethylhexyl-
phosphoric acid-
2-ethylhexylester 

(EHEHPA) 

3,33 94 La 

3,14-3,63 
99 

Ge 

>3,5 Pr 

4 >90, (91-99) 
Nd, Eu, Er, Y, Sm, 

Gd, Dy 

 

According to the relevant scientific experimental studies (33) (49) (32) (122), the achievement of high 

recovery effectiveness requires the optimal combination of:  

a) Concentration of chemical reagents (M) and content (%w/w, or %w/v) in an aqueous 

environment 

b) presence of microbes 

c) temperature range  

d) time of residence 

e) RPM number of the blender when a stirred tank reactor is used 

f) COD, chemical oxygen demand 

The optimal combination mechanism of the parameters (chemical & biological reagents, temperature, 

time of residence, etc.), except for the recovery’s efficiency increment, provides lower energy 

consumption. Based on the scientific results (32) (133) (134) (135), the sustainability of the whole 

recovery operation assumes optimization of:  

a) of chemical and microbe/bacterial reagents mass-flow ratio  

b) of energy consumption and required equipment 

On an industrial scale, recovery mechanisms are implemented in three or four stages. Each stage involves 

pH reduction, downstream of chemical salts, filtration, and drying of sunk material. The floated material 

from stage one is input to the second enrichment stage. The next chapter focuses on the recovery 

mechanism description in the proposed Case Scenario A(1). 

5.3.  Comparative Analysis of Metal Recovery Techniques 
The innovative approach of reprocessing mining tailings involves separate techniques for the final metal 

recovery procedure. The following are the most common and efficient techniques of metal recovery from 

mining tailings (3) (33) (34) (82). (109). 

➢ Gravitational separation  

➢ Floatation separation 

➢ Sink/Float separation using chemical reagents 

➢ Sink/float separation using catalysts (cyanide or phosphates) 

The tailings deposit ore involves plenty of metals as trace elements, so the separation between each other 

is the most challenging part of the tailings reprocessing (1) (2) (117) (17). Hence, from a practical point 

of view on an industrial scale, a mining company that utilizes its produced tailings should apply the most 

optimal chemical engineering mechanism to ensure the higher efficiency of metal trace elements removal. 
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The chemical reaction that is required to separate metal trace elements from the tailings involves the 

occurrence of chemical salts among the anhydrite of acids and the metal cations (33) (34).  

The produced chemical salts are used to precipitate downstream. The metal mixture of trace elements is 

then purified and can efficiently be utilized as a selling material for the global metal marketplace. The 

presence of catalysts, despite not being characterized as an environmentally friendly technique due to the 

hazard caused by the occurrence of cyanide, rapids the creation of chemical salt compounds (3) (14).  

From the point of view of a cost-effective solution, the occurrence of catalysts is an indicative method. 

However, considering the hazard source in an emergency where environmental risks are incredibly high, 

mining companies that adopt the CE policy to increase their life cycle implement a mix of acidic addition 

and phosphates to decrease the proportion of required cyanic catalysts. Moreover, the whole processing 

is indicated to be applied in an entire system of closed unit plants, with no disposal to ground soil layers 

armed with geological barrier sub-layers or geomembranes (16) (17) (18) (78), as obliged by the 

corresponding legislation that supports the policy of the Circular Economy (9) (10).  

Reprocessing of tailings could occur in conventional cases of free disposal of tailings in ground soil layers 

protected with geomembranes or geological sub-layers with extremely low porosity. In these cases, 

reprocessing is achieved by the gravitational separation method using an underground pipeline system. 

Through it, the precipitated tailing dissolution flows to the filtration stage. However, due to the acidic 

behavior of the tailings capacity and unexpected weather conditions, such as heavy rainfalls, there is a 

high-hazard source of leachate detection (78) (3) (2). At the same time, there is no legal conformance due 

to the prohibition of disposing of tailings over geological structures (9) (10) (64).  

Hence, the innovative approach of implementing tailings reprocessing through closed industrial unit 

plants using chemical reagents and catalysts is an indicative method of sustainable mining that follows 

the principles of CE and the mandatory legal obligations. The challenging part of the optimization for 

chemical engineering processing of tailings management is proportional to the quality and chemical 

contents of each mining site's tailings (34) (111) (125) (127). 

It is essential to mention that on an industrial scale, for a mining company, eliminating hazardous sources 

of environmental risks while optimizing the recovery processing to utilize the removed metal mixture 

from the tailings rapidly is valuable, respecting the guidance provided through the project and risk 

management schedule plan (46) (54) (36). Therefore, the standardization of chemical engineering 

procedures to reprocess tailings depends on the content of metal ions. The reprocessing cases that have 

already shown a high level of recovery efficiency involve the addition of both acids (such as HCL, H2SO4) 

and catalysts (P2O5 or Cyanex) implementing the sink/floatation method where the metal chemical salts 

precipitate and are filtered in thickeners (16) (18) (33) (34). 
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6. Cost-Benefit Analysis and Techno-Economic Assessment 

6.1. Overview of CBA in Mining Waste Management 
Implementing CBA to assess the economic sustainability of each examined case between Case Scenario 

A(0) and Case Scenario A(1) involves combining a primary techno-economic assessment that detects the 

negative cost flows for each case with a statistical approach for detecting the escalation of risk probability 

that affects total cost fluctuation.  

CBA aims to assess the total cost and potential benefit, including cost savings and financial gains, that 

characterize each of the two probable decisions of tailings management: conventional (Case Scenario 

A(0)) and innovative (Case Scenario A(1)). Therefore, the first step of CBA focuses on the primary techno-

economic evaluation of the two examined cases, considering the mining industry's legal obligations that 

express the principles of Circular Economy and the 4Rs policy.  

Emphasizing this primary assessment, the loss function that estimates the total money loss is calculated 

and defined for each of the examined cases. To optimize the primary economic estimation and provide a 

future financial risk assessment, the factor of detecting the risk probability of non-conformance 

occurrence, which is separated for each case, is needed. So, the Probability Density Function is configured 

following the terms and definitions of the corresponding legislation for environmental protection. 

Multiplying the loss function (based on the primary economic assessment) with the Probability Density 

Function, the goal function is calculated, which refers to the final negative goal achievement converted to 

monetary terms and characterizes the cost-effectiveness of each examined case separately.  

6.2. Case Scenario A(0) 

6.2.1 Economic Analysis -Assessment – Risks of Non-Conformance with Circular Economy Legal 

Obligations in Conventional Mining Waste Management Methods  

Economic Analysis-Assessment of the Case Scenario A(0) considers the legal obligations that configure 

the total grade of non-conformance. These criteria refer to the partial probabilities of negative goals that 

guide the total negative probability of non-conformance, as mentioned in section 4.1. 

Considering that each country's Gross Domestic Product (GDP) affects the severity of techno-economic 

indicators that configure the penalty cost of non-compliance with indicative environmental protection 

policy, specific calculation data are available for companies in each region as declared by the 

corresponding legislation. Therefore, the provided economic calculation data for the penalty cost of non-

conformance by the Greek Legislation (64) expresses the legal obligations of Directives 2006/21/EC and 

2008/98/EC, while its indicators are proportional to the relevant national GDP.  

Considering that Case Scenario A(0) is described by the Trial-Error methodology, it is comprehended that 

the Binomial distribution will calculate its financial risk. This calculation is based on the configuration for 

the Penalty Cost of non-compliance according to the requirements of Greek legislation. So, implementing 

the Binomial distribution on the project’s needs is also tailored to the Greek legislation’s requirements to 

be evaluated in industrial mode. The following equation shows the calculation mechanism for the penalty 

cost of non-compliance, while its partial coefficients are shown in Table 3. 
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               E.P.=f(SP, Σ
EAE

, ΣB, Σεεπi) ,      EP=SP* Σ
EAE

* ΣB* Σεεπi (1) 

                E.P. refers to Economic Penalty which is calculated. 

S.P. refers to the Standard Penalty Cost based on the Environmental Risk Category of each Company. 

Σ
EAE

 refers to the factor of the annual gross revenue of each operation activity.  

Σ=3 for non-financial activities.   

ΣB is the weighting factor, proportional to the risk of– non-compliance and its impact on the environment and human 

health by environmental pollution. 

Σεεπ
i
 refers to the multiply of individual coefficients (mitigating or aggravating). 
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Table 3 Greek Legislation Requirements for the Configuration of Penalty Cost about Non-Compliance with 
Environmental Protection Policy (64) 

Standard Penalty Cost 

Risk Category B Risk Category A2 Risk Category A11 

6,000 € 9,000 € 12,000 € 

Weight Factor ΣB 

Severity of non-

Compliance 

Liquid or Solid Waste/ Compounds 

  

Gas Pollutants 

Administrative 

Responsibility of Non-

Compliance 

Sound Effect 

or Other 

Non-

Compliances 

  

Hazardous Waste 
Non-Hazardous 

Waste 

Low 0.4 0.2 0.3 0.2 0.1 

Medium 2.5 1.4 2.0 1.0 1.0 

High 6.5 5.5 6.0 5.5 5.0 

Extremely High  16.01 13.0 14.0 10.01 10.0 

Mitigating/Aggravating Factors Σεεπ
i
 

Coefficients A/A Description Escalation 

1 
History of Compliance (tactical inspections, period 

time of 10 years) 

Positive / Medium 

Negative (2-3 Non-Compliances) 

Negative (>4 Non-Compliances) 

0.8/1.0 

1.2 

3.0 

2 Behavior/Cooperation during Audit Control Excellent/Good/Negative 0.9/1.0/1.1 

3 Compliance after Audit Control Full/Medium/None 0.6/0.8/1.0 

4 
Intention for gaining high financial gains (directly 

or indirectly) 
No/Yes 1.0/1.1 

5 
Total level of Compliance with the environmental 

requirements after Inspection  
High/Medium/Low 0.9/1.0/1.1 

6 Public Profitability Yes/No 0.9/1.0 

7 Social Profitability Yes/No 0.9/1.0 

 

Furthermore, Table 4 shows the configuration for the probability of non-compliance 

θ(0), considering the minimum risky conditions of scenario A(0) considering only the 

non-legal conformance, with environmental protection requirements according to the 

corresponding legislations and guidance (9) (10) (5) (100) (101) . 

  

 
1All the mining companies are classified in Risk Category A1, due to the production of 
huge volume of hazardous waste as declared in the national legislation (Greek 
Government Gazette, 2011). So, in case A(0) during Audit Control, PC=12,000 €, 
ΣB=26, ΣΕΑΕ=3, and Σεεπ is extracted by the multiply of Σεεπ1-Σεεπ7 as shown in Table 
A1  
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Table 4 Configuration for the minimum risky Probability of Non-legal Compliance with Environmental 
Protection Policy in Terms of Circular Economy and 3R’s  

Years 

Number of  
Individual 

Probabilities of Non-
Conformance with 

Environmental 
Protection 

Requirements 

Uncontrolled and 
Systematic Disposal 
of Hazardous Waste 

on Ground Soil 

Business Decision 
according to the 

Implementation of 
Environmental 

Protection Mechanisms 
(Reduce, Recover, Reuse 

Waste) 

Identified 
Environmental 

Pollution 
Source 

Huge Volume of 
Hazardous 

Waste to the 
Final Disposal 

Site 

Total 
Probability of 

Environmental 
Non-Compliance 

i M(i) θ(1) θ(2) θ(3) θ(4) θ(0) 

1 4 1.00 1.00 0 1.00 0.75 

2 4 1.00 1.00 0 1.00 0.75 

…n 4 1.00 1.00 0 1.00 0.75 

 
              Considering Equation (1), the configuration for the penalty cost of non-compliance is output 
by multiplying between the factors of SP ΣΕΑΕ, ΣΒ, Σεεπi.  
                 The factor SP equals 12,000 euros for a mining company that belongs to the Risk Category A1. The 
factor ΣΕΑΕ equals 3 for a start-up company (64). The factor ΣB is output by the addition of its partial 
indicators due to the presence of hazardous waste and the responsibility of each company’s 
administration for the lack of environmental policy. Finally, Σεεπi is output through the multiplication of 
partial Σεεπ negative indicators during the time of operation. So, Table A1 (in the Appendix) shows the 
configuration of the penalty cost for non-compliance with the environmental protection requirements and 
its escalation during the first five consecutive years of operation. 
  It is considered that there is only one non-conformance per annual audit control. In addition, 
it shows the configuration of the annual Y(i) factor due to the negative targeting by the nationally 
authorized environmental inspection authorities. 
  In actual conditions, the total negative cost of non-conformance may be configured due to 
partial non-compliance in different audit control sites inside the industrial field. So, the Probability Density 
Function is needed to calibrate the potential negative goal, which refers to the one audit control, 
considering the additional inspections. Therefore, the total goal function refers to the product of the 
Probability Density Function with the loss function. It is essential to mention that even if there is no 
identified environmental pollution, the total probability for non-compliance in Case Scenario A(0) is at 
least 75%. The high numerical value for probability θ(0) is due to the lack of environmental protection 
policy in Case Scenario A(0). Thus, it is extracted that the implementation of environmental protection 
measures is more critical to the configuration for the estimation of the total probability for non-
conformance than the identified environmental pollution. 
  All these parameters configure the escalation of Financial Risk in Case Scenario A(0) for the 
first five consecutive non-conformances, considering that there is only one non-compliance annually. The 
combination of partial parameters S.P., ΣΕΑΕ, ΣB, and Σεεπi achieves the configuration of total penalty 
cost. Coefficient Σεεπi is determined by partial coefficients Σεεπ1, Σεεπ2, Σεεπ3, Σεεπ4, Σεεπ5, Σεεπ6, and 
Σεεπ7, as they are described on Table 2 (64). Σεεπi coefficient could not have a numerical value lower than 
0.4 and higher than 1.5 for the first four consecutive years of non-conformance (Greek Government 
Gazette, 2022). In addition, after the fourth year, the Σεεπi coefficient adopts a stable numerical value. 
Σεεπi coefficient, except for the major variable for the determination of total annual penalty cost, contains 
the probability of non-compliance indirectly. 
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6.3.  Case Scenario A(1)-Circular Economy-Oriented Approach 

6.3.1. Work Plan Layout  

This chapter provides a detailed description of the proposed scenario A(1), for a start-up mining company 

that is estimated to produce 150 ktonnes of mining tailings annually, and refers to the investment in metal 

recovery from mining tailings to face the challenges of the opposite scenario A(0). The examined tailings 

mass corresponds to actual conditions because a) it is half of the annual tailings mass of 325.8 ktonnes 

mentioned in a relevant already applied case study of metal recovery in Portugal (136), and b) it is 

approximately equal to an average annual produced tailings mass of 135-165 ktonnes (137).  

To identify the total investment cost for tailings management, each mining company should estimate the 

tailings mass it aims to produce. The total investment cost is configured according to the estimated tailings 

mass (assessed by the equipment’s primary installation/maintenance costs, chemical reagents, and energy 

consumption). 

The two central parameters that affect sustainability efficiency need to be determined to evaluate the 

economic sustainability of this operation, which are the cost of a) chemical compounds and b) energy mass 

flow. Additive technical parameters that could increase the cost of investment are the cost of maintenance 

and the potential revenue (as shown in Appendix Tables A3-A5) by utilizing the recovered metal mixture. 

Considering that there are 300 working days per year, the daily average mass of waste that needs to be 

treated, in terms of recovery procedures, is easily extracted at 500,000 kg/day. 

The designed flow scheme to treat 150 ktonnes of waste annually involves three major steps. Each step 

contains three stages, as shown in Figure 12. Reactors, which are used per step, must be able to extract 

metal materials by adding chemical compounds (reagents) and catalysts. At the same time, a blender 

machine provides the required rpm to accelerate the precipitation of the produced chemical salts (138). 

After each step, sunk material is filtered, and the floated material is input into the next stage of recovery. 

The work nature of such a project involves a circular system process, which requires an excellent, organized 

schedule plan. As a result, the use of autonomous machinery equipment is preferable due to its ability to 

provide well-modeled process activities. 

 

 



Cost-Benefit Analysis and Risk Assessment of Mining Activities 
in Terms of Circular Economy and its Environmental Impact 

Page 65 by 198 
 

 

 

Figure 12 Flow-Scheme of the Case Scenario A(1) on Metal Recovery from Mining Tailings 

Sink/Filtration 

Q=83 m3/day (tailing)=166,000 kg/day (per Stage)                                                 

Aqua Dissolution (HCL/Deionized H20)=34-37%w/w [H+]. (Stage 1&2)                                                                                              

Ratio %w/v (Aq. dissolution/tailing volume) = 18.5gr/Lt, [HCL]=0.5M          

[P205]=1,566mg/Lt & [Cyanex 923]=0.3M (Stage 3) 

Step 3 

1st Stage 2nd Stage 3rd Stage 

Q=83 m3/day (tailing)=166,000 kg/day (per Stage)                                                 

Aqua Dissolution (HCL/Deionized H20)=34-37%w/w [H+]. (Stage 1&2)                                                                                              

Ratio %w/v (Aq. dissolution/tailing volume) = 18.5gr/Lt, [HCL]=0.5M          

[P205]=1,566mg/Lt & [Cyanex 923]=0.3M (Stage 3) 

Sink/Filtration 

1st Stage 2nd Stage 3rd Stage 

Step 2 

Sink/Filtration 

Float Float 

1st Stage 2nd Stage 3rd Stage 

Acid Mining 

Tailing 

Step 1 

Q=83 m3/day (tailing)=166,000 kg/day (per Stage)                                                 

Aqua Dissolution (HCL/Deionized H20)=34-37%w/w [H+]. (Stage 1&2)                                                                                              

Ratio %w/v (Aq. dissolution/tailing volume) = 18.5gr/Lt, [HCL]=0.5M          

[P205]=1,566mg/Lt & [Cyanex 923]=0.3M (Stage 3) 
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The input volume of waste per stage is shown in the flow scheme above, estimated at 83 m3. The required 

residence time inside each stage is mentioned to be 2 hours. So, after the 2 hours of residence time for the 

first volume part of tailings on the first stage and its filtration, the second volume part of tailings is input to 

the reactor of stage 1 while the floated material of the treated tailing part is input to the reactor on the 

second stage. 

The total duration of beneficial metals’ recovery for each part of mining tailings is estimated at 18 hours. 

Thus, total metal recovery by the whole daily volume of mining tailings is achieved after 20 working hours 

through fully autonomous equipment. Table 5 presents a daily schedule plan for this project type to 

consider the nature of the work. 
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Table 5 Daily Metal Recovery Chrono – Diagram, of the proposed Case Scenario A(1)  

Daily Project Schedule of Metal Recovery (250 m3 Gold Mining Tailings) 
Codification 

Color / Part of 
Waste 

 1st 
Part 

 2nd 
Part 

 3d 
Part 

Steps of 
Recovery 

1st Step 2nd Step 3d Step 

Stages of 
Recovery 

Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3 

Residence 
Time of 

Recovery 
(Hours) 

1st 2nd 3d 4th 5th 6th 7th 8th 9th 10th 11th 12th 13th 14th 15th 16th 17th 18th 

1 
 1st 

Part 
1st 

Part 
                

2 
 2nd 
Part 

 1st 
Part 

                

3 
 3d 

Part 
 2nd 
Part 

 1st 
Part 

               

4  
 3d 

Part 
 2nd 
Part 

 1st 
Part 

              

5   
 3d 

Part 
 2nd 
Part 

 1st 
Part 

             

6    
 3d 

Part 
 2nd 
Part 

 1st 
Part 

            

7     
 3d 

Part 
 2nd 
Part 

 1st 
Part 

           

8      
 3d 

Part 
 2nd 
Part 

 1st 
Part 

          

9       
 3d 

Part 
 2nd 
Part 

 1st 
Part 

         

10        
 3d 

Part 
 2nd 
Part 

 1st 
Part 

        

11         
 3d 

Part 
 2nd 
Part 

 1st 
Part 
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Daily Project Schedule of Metal Recovery (250 m3 Gold Mining Tailings) 
Codification 

Color / Part of 
Waste 

 1st 
Part 

 2nd 
Part 

 3d 
Part 

Steps of 
Recovery 

1st Step 2nd Step 3d Step 

Stages of 
Recovery 

Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3 

Residence 
Time of 

Recovery 
(Hours) 

1st 2nd 3d 4th 5th 6th 7th 8th 9th 10th 11th 12th 13th 14th 15th 16th 17th 18th 

12          
 3d 

Part 
 2nd 
Part 

 1st 
Part 

      

13           
 3d 

Part 
 2nd 
Part 

 1st 
Part 

     

14            
 3d 

Part 
 2nd 
Part 

 1st 
Part 

    

15             
 3d 

Part 
 2nd 
Part 

 1st 
Part 

   

16              
 3d 

Part 
 2nd 
Part 

 1st 
Part 

  

17               
 3d 

Part 
 2nd 
Part 

 1st 
Part 

 

18                
 3d 

Part 
 2nd 
Part 

 1st 
Part 

19                 
 3d 

Part 
 2nd 
Part 

20                  
 3d 

Part 
Total Hours of Metal Recovery Operation (20hrs/day) - 250 m3 Volume of Gold Mining Tailings 
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6.3.2. Estimated Techno-Economic Analysis of the Case Scenario A(1) 

The demonstrated work layout, as shown in the Flow-scheme in section 6.3.1, adopts the ratio of chemical 

acids and catalysts mentioned in the experimental scientific study (32) to achieve the expected efficiency 

of metal extraction >95%. The reported hydrochloric acid [HCL] concentration ranges between 0.5 and 1M. 

In the case scenario A(1), the concentration of HCL is equal to 0.5 M for both stages 1 and 2.  

The total mass of Hydrochloric acid in each stage of recovery is estimated at 568 kg. According to the acid 

marketplace (139) (140), the total cost of chemical reagents is estimated at 20,448 €/day.  

The next stage of recovery is achieved by the catalysts’ action in low pH conditions. The used catalyst is 

D2EHPA (extraction of base metals) or Cyanex 923 (extraction of REEs), due to its efficiency on metal 

recovery. The ratio P2O5 / (Dissolution)aq is 1,566 mg/Lt and for Cyanex 923 is about 0.3 M. According to 

the catalyst marketplace (141) (142), the total cost estimation of P2O5 is 6,162 €/day and for Cyanex 923 

is estimated at 2,601 €/day.  

Finally, the total exported recovery cost per day is approximately 29,211 €. Thus, based on this flow chart, 

the annual cost of chemicals and catalysts for metal recovery by gold mining tailings of 150,000,000 kg is 

estimated at 8,763,300 €. The economic analysis of the mass flow of chemicals and catalysts is presented 

in Table 6.
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Table 6 Cost Estimation of Reagents & Catalysts on REEs and other metals Recovery 

Steps Stages Tailing 
Mass 

(kg/d) 

Total Qt 
(m3/d) 

Qt (m3/stage) Chemical 
Reagents 

Chemical 
Reagents 

Concentration 
(M), or mg/Lt 

Reagents 
Mass (kg) 

Costs (€/kg) Daily Costs 
(€/Stage) 

Annual Costs 
(€/Stage) 

 
 
 

Step 1 

 
Stage 1 

 
 
 

500,000 

 
 
 

250 

 
83 

HCLaq (34-37%) 
1%w/w 

 
0.5 

 
568 

 
6 

 
3,408 

 
1,022,400 

 
Stage 2 

 
83 

HCLaq (34-37%) 
1%w/w 

 
0.5 

 
568 

 
6 

 
3,408 

 
1,022,400 

 
Stage 3 

 
83 

P2O5  
& Cyanex 923 

1,566 mg/Lt     
& 0.3 M 

respectively 

130 
&  

1,220 
respectively 

 
15.8 (P2O5)  

&  
0.71(Cyanex 

923) 

2,054 (P2O5) 
& 867 

(Cyanex) 

 
876,300 

 
 
 

Step 2 

 
Stage 1 

 
 
 

500,000 

 
 
 

250  

 
83 

HCLaq (34-37%) 
1%w/w 

 
0.5 

 
568 

 
6 

 
3,408 

 
1,022,400 

 
Stage 2 

 
83 

HCLaq (34-37%) 
1%w/w 

 
0.5 

 
568 

 
6 

 
3,408 

 
1,022,400 

 
Stage 3 

 
83 

P2O5  
& Cyanex 923 

1,566 mg/Lt     
& 0.3 M 

respectively 

130 
&  

1,220 
respectively 

 
15.8 (P2O5)  

&  
0.71(Cyanex 

923) 

2,054 (P2O5) 
& 867 

(Cyanex) 

 
876,300 

 
 
 

Step 3 

 
Stage 1 

 
 
 

500,000 

 
 
 

250 

 
83 

HCLaq (34-37%) 
1%w/w 

 
0.5 

 
568 

 
6 

 
3,408 

 
1,022,400 

 
Stage 2 

 
83 

HCLaq (34-37%) 
1%w/w 

 
0.5 

 
568 

 
6 

 
3,408 

 
1,022,400 

 
Stage 3 

 
83 

P2O5  
& Cyanex 923 

1,566 mg/Lt     
& 0.3 M 

respectively 

130 
&  

1,220 
respectively 

 
15.8 (P2O5)  

&  
0.71(Cyanex 

923) 

2,054 (P2O5) 
& 867 

(Cyanex) 

 
876,300 

Annual Total Cost of Chemical & Catalysts (€) 8,763,300 
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The estimation of the operation cost of metal recovery from mining tailings also includes the additional 

energy cost. Operation cost varies with each type of electrical and mechanical equipment used. Electricity 

and natural gas are the most common energy flows, providing the required power for all of these steps in 

industrial mode (75).  

Due to the higher cost of electricity than natural gas, energy multipliers are used to transform energy from 

natural gas into electricity (143). Furthermore, using chemical acids and catalysts reduces the required 

energy throughout the recovery procedure (75) (144). 

According to the European Commission (25), the energy consumption for waste management of gold 

mining tailings in Orivesi is reported to be 1kWh/t , and the total energy consumption at the site per tonne 

of ore processed is 53.5 kWh/t. At Ovacik, the total energy consumption is reported to be 60kWh/t. As the 

European Commission mentions, energy consumption is proportional to the chemical composition of each 

tailing type. 

In Case Scenario A(1), energy consumption estimation concerns precious metals mining tailings. As a result, 

the configuration of the required energy will be similar to that of Orivesi’s and Ovacik’s waste management 

cases. 

The annual volume of mining tailings in Orivesi is reported to be 780,000 m3. The density of mining tailings 

varies from 1,580 to 2,220kg/m3 (145). In Case Scenario A(1), the density of mining tailings is rounded to 

2,000 kg/m3. The relevant average annual volume of tailings is estimated at 75,000 m3.  

The average electricity price per MWh in Europe is reported to be 135 €/MWh (146) and the respective 

price of energy by natural gas is 22.71 €/MWh (147). The energy crisis 2022 affects the energy price, so 

the electricity cost is configured by the reported price of 240 €/MWh (148), while natural gas costs 72.9 

€/MWh (149). 

Considering the required energy flow for precious metals mining waste management, it is estimated that 

the required power of energy for recovery mechanisms ranges between 53.5 – 60 kWh/t. As a safety factor, 

the highest energy value per tonne is extracted from the economic estimation of the required annual energy 

cost. The estimation of total energy cost is 1,329,660 €/ year. The comparative estimation of energy cost 

analysis for Case-Scenario A(1) with other gold mining companies is presented in Table 7. 
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Table 7 Estimation of Energy Cost Analysis on the Case-Scenario A(1) 

Mining 
Tailing 

Site 

Annual 
Volume 

of 
Tailings 

(m3) 

Annual Mass 
of Tailings 

(kg) 

Energy 
Consumption 

MWh/Ore 
tonne 

Average 
Electricity 

Price           
Europe  

2022 
(€/MWh) 

Average 
TTF 

Natural 
Gas Price         

Europe  
2022 

(€/MWh) 

Electricity 
40%           

(MWh/Ore 
Tonne) 

TTF 60%                                
(MWh/Ore 

Tonne) 

Total 
Estimated              

Energy 
Cost                
(€)  

Orivesi  780,000 1,560,000,000 0.0535 260 72.9 0.0214 0.0321 12,330,380  
Ovacik 150,000 360,000,000 0.06 260 72.9 0.024 0.036 2,659,320  

Case 
Scenario 

A(1) 

75,000 150,000,000 0.06 260 72.9 0.024 0.036 1,329,660  
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6.3.3. Cost Analysis of Metal Recovery and Waste Processing - Cost of Installation and Maintenance  

The Total Operation Cost, by the clear side of processing in Case Scenario A(1), includes both the energy 

and chemical reagents’ consumption costs (127) (76). This Techno-economic analysis refers only to the 

cost of recovery activities, assuming the existence of the fully autonomous industrial installation.  

The cost of installation varies with each piece of electromechanical and mechanical equipment that will be 

used. Reactors should provide a stable flow of raw material and chemical reagents in an aqueous 

environment, an NF membrane on the inner surface, and stable spin movement of the blender rotor. The 

residence time is estimated at 2 hours for each stage (33). So, the daily volume of waste to be treated should 

be 250 m3.  

The required capacity of each cylinder reactor, which is used in each stage, is estimated at 90 m3 (radius 

2,4 m and its height 5 m). The productivity cost of each reactor is calculated by the techno-economic 

analysis & assessment of its technical parameters. The major parameters of this calculation are a) Metal 

Injection Molding (MIM), b) Binder Jet (BJ), and c) Laser Powder Bed Fusion (LPBF) (150).  

Table 8 presents the Productivity Cost Analysis of chemical reactor manufacturing. In addition, the total 

productivity cost of the required chemical reactor for each stage of this project is assessed.  
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Table 8 Productivity Cost of Chemical Reactors with Capacity 90 m3 based on Scientific Estimation (150) 

Technical Parameters & Costs 

Activity Description 
Average 

Input 
Unit Cost (Whole 
Productivity) ($) 

Unit Cost per 
Reactor  

(Capacity 90 m3) 
($) 

Total Unit Cost 
per Reactor  

(Capacity 90 m3)  
($) 

 
 

Metal Injection 
Molding (MIM) 

Sintering cycle time (hrs) per batch 20 101 101 

 
 
 

3.792 

Cost of manufacturing space ($/m2) 1000 101 3282,5 

Process step yield (%) 90 105 105 
Operator wages ($/yr) 50000 101 101 

Annual maintenance as a fraction of capital cost (%) 5 101 101 

Electricity cost ($/kWh) 0,0729 101 101 

 
 
 
 

Binder Jet (BJ) 

Printing layer thickness (mm) 0,1 144 144 

 
 
 
 
 

5.699 

Printing time (sec) per layer 60 144 144 
Depowdering cycle time (min) per part 30 144 144 

Cost of manufacturing space ($/m2) 1000 144 4680 

Process step yield (%) 90 155 155 
Annual operator wages ($/yr) 50000 144 144 

Annual maintenance as a fraction of capital cost (%) 5 144 144 

Electricity cost ($/kWh) 0,0729 144 144 

 
 

Laser powder 
bed fusion 

(LPBF) 

Printing layer thickness (mm) 0,04 541 541 

 
 
 

21.504 

Printing scan speed (cm/sec) 700 541 541 
Powder removal cycle time (hrs) per part 1,5 541 541 

Cost of manufacturing space ($/m2) 1000 541 17582,5 

Process step yield (%) 90 675 675 
Annual operator wages ($/yr) 50000 541 541 

Annual maintenance as a fraction of capital cost (%) 5 541 541 

Electricity cost ($/kWh) 0,0729 541 541 

Total Production Cost of each Reactor 
30.994 $ 
30.388 € 
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By this assessment, the total reactor’s production cost is estimated at 30.388 €. However, the installation 

cost of each cylinder chemical reactor is expected to be greater than this price. The cost of installation 

involves a) the cost of pump connection, b) the cost of other electronic equipment to be used for placement, 

c) the cost of transportation fees, and d) the cost of stakeholders (workers’ salaries, economic charge by 

the equipment to be used, trucks, cranes, etc.).  

According to the Aspen Capital Cost Estimator (ACCE) (151), indicative installation costs are extracted 

proportional to each reactor’s capacity and technical specifications. For example, in the case of a 

diameter/height=0.5:1 ratio (which is more suitable to the hypothesis scenario’s dimensions), the 

installation cost of each reactor is estimated at 170,000 €. 

The entire dynamic project is divided into three main steps, each comprising three stages of recovery. Thus, 

the total installation cost of 9 reactors is estimated at 1,530,000 €. The fully autonomous equipment 

contributes positively to the efficient recovery of beneficial metals during daily work. The annual 

maintenance cost is approximately estimated at 20% of the cost of primary installation (150) (151). So, 

there is an additional cost of 306,000 € due to the service of the applied equipment. 

The primary installation and maintenance costs, energy consumption, and chemical reagents configure the 

total negative cost in Case Scenario A(1). This total cost refers to the total money loss from investment in 

sustainable waste management processing.  
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6.4. Financial Risk Assessment and Decision-Making Framework supported by 

Cost-Benefit Analysis Methodology 
This scientific study aims to evaluate the criteria for case scenarios A(0) and A(1) while providing their 

direct or indirect impact on the corresponding implemented actions (35). Taking into consideration that 

the industrial need for metal materials will increase in the future (152) with the proportional increase of 

their supply risk (112), it is necessary to consider the utilization of mining waste (153) through metal 

recovery procedures (154). Therefore, case scenario A(1) is compared with the opposite case Scenario 

A(0).  

This comparison is based on a partial techno-economic analysis for both scenarios, considering that in the 

case of scenario A(0), there is no policy of conformance by the side of a start-up mining company with the 

legislative environmental protection measures. This guides to the full acceptance of penalty costs for non-

compliance.  

In contrast, in the case scenario A(1), there is a high rate of compliance with the policy of green growth by 

the side of a mining start-up company in terms of the circular economy (24) and the development model 

of 4Rs (118). This comparison for the economic assessment of each case scenario is based on existing 

experimental results according to the chemical mass flow (32), procedures of metal recovery (133), and 

the degree of efficiency (15).  

After the primary economic assessments’ comparison, the CBA appraisal tool is used to identify ERR (155) 

and LTP (156) for each case scenario. The methodology for exporting these partial indices for both 

examined cases requires estimating the total negative cost and the relevant potential benefit (63).  

In the case scenario A(0), the total negative cost refers to the potential cost of non-compliance, and the 

benefit equals the avoidance of money loss due to non-investment in establishing a closed industrial mining 

waste management system. 

In case scenario A(1), the total negative cost refers to the total investment cost, while the benefit equals the 

potential passive income by utilizing the recovered metal mix. CBA evaluates the whole of conditions, an 

industrial scale based on a) the proposed work layout (63)and the implementation of guidance for 

investment in terms of green growth (35), in the case scenario A(1). However, CBA evaluates the total 

negative cost due to non-compliance with the Circular Economy and the terms of the environmental 

protection policy (9) (10) (64) (101)in case scenario A(0). 

So, the CBA methodology assesses the sustainability for cases A(0) and A(1) by converting all their 

parameters into monetary terms. The optimal applicable mathematical function required to describe each 

case scenario’s cost estimation is a milestone for the efficiency and accuracy of CBA’s output indices.  

For the negative cost determination in each case, partial factors are necessary to configure it. For instance, 

in case A(0), the total non-conformance might or might not be detected during the audit . This happens 

because, in actual conditions, environmental inspections can be accomplished in random locations inside 

the industrial field. So, in this case, the trial-and-error methodology is the most suitable for describing the 

negative goal achievement.  

In the opposite scenario, at least one non-conformance might be detected annually while investing a 

standard cost for waste treatment through a closed system of industrial units. Therefore, the Erlang 

distribution is the most suitable methodology for detecting the probability of a negative cost (119) (157).  
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Thus, considering that case scenario A(0) is described by the false-trial methodology (118), while the 

opposite case scenario A(1) is described by stable productivity and revenue cost per year (119), the 

Binomial and Erlang distributions are selected, respectively (158).  

According to the Bayesian Analysis, the scientific approach for calibrating CBA’s results is continuously 

enhanced through ‘’Financial’’ SRA (95). So, two different integrals referring to each case scenario’s 

industrial conditions are established (13). The integrals’ limits vary from each other due to the specific 

examined conditions (86). 

CBA is a techno-economic tool that examines the sustainability of each business decision through 

applicable mathematical models that convert all partial parameters into monetary terms. These models 

focus on the Financial Risk Assessment, tailored to each project’s needs and the relevant legislation. This 

study emphasizes two case scenarios. Scenario A(0) refers to the consecutive mining operations without 

implementing the legislative requirements regarding the circular economy (4Rs). In this case scenario, 

avoiding the corresponding penalty cost for non-conformance with environmental protection guidance is 

impossible. On the other hand, scenario A(1) refers to the mining operations that adopt an environmentally 

friendly manner of work through the investment in a closed system of industrial units to minimize the huge 

volume of produced waste and to recover the metal materials contained in the tailings. The optimal 

business decision, based on CBA, is determined by the minimum LTP and maximum ERR (50).  

Figure 13 shows the steps for the entire Financial Risk Analysis-Assessment, expressed by the Goal 

Functions for both case scenarios, considering their partial primary economic assessments. In addition, the 

CBA’s partial indicators LTP and ERR for each case scenario are extracted. The configuration of Stochastic 

Risk Functions is also needed for both case scenarios. Finally, it provides the CBA Indices by the ratio 

between the numerical values of the two Stochastic Risk Indices.  

 

Figure 13 Steps of the Financial Risk Analysis-Assessment 

For the implementation of CBA is required the determination of a) loss function L[A(0)_A(1),Y], b) goal 

function G[A(0)_A(1),Y], c) Probability Density Function [PDF] for each case scenario A(0), A(1). Except for 

CBA’s partial functions, the corresponding determination of total FR is necessary through Bayesian 

Analysis (BA). FR is provided by the combination between G[A(0)_A(1),Y], [PDF], and Beta distribution 

Beta[t,r,θ(0)] (t=300 refers to the annual working days, r refers to the annual audit control sites, and θ(0) 

refers to the probability for non-compliance with environmental protection requirements). Case Scenario 
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A(0) refers to non-compliance with environmental requirements; as a result, its financial risk is calculated 

by the escalation of the corresponding penalty cost for non-conformance with Global, European, and Greek 

legislation (9) (10) (64) (101).  

Generally, according to (79), a total Audit Control is mandatory for all mining industries annually due to 

their high environmental risk level. The complete audit control involves specific audit control sites in the 

nearby waste disposal area. It is taken into consideration that four specific locations are needed to describe 

the level of environmental pollution.  

Thus, audit control sites per year equal 4 (as per the horizon directions, r=4). In addition, it has to be 

mentioned that non-compliance with environmental protection requirements does not only refer to the 

identified environmental pollution. Non-conformance is characterized by four criterion probabilities (64).  

The first criterion refers to the “Uncontrolled and Systematic Disposal of Hazardous Waste on Ground Soil” 

(probability θ(1)). The second criterion refers to the “Industrial Policy according to the Implementation of 

Environmental Protection Mechanisms (Reduce, Recover, Reuse Waste)” (probability θ(2)). The third 

criterion refers to the “Identified Environmental Pollution Source” (probability θ(3)). The fourth criterion 

refers to the “Huge Volume of Hazardous Waste to the Final Disposal Site” (probability θ(4)). So, the total 

probability of non-compliance with environmental requirements θ(0) is calculated by the average of θ(1), 

θ(2), θ(3), θ(4).   

According to the theoretical estimation, the probability for non-compliance in Case Scenario A(0) ranges 

between 0-100%; however, due to the lack of achievement for the criteria mentioned above 1,2,4, this 

probability range is transitioned to 75-100%. The binomial distribution is considered to determine the goal 

function in this Case Scenario (118). During the audit control, the Total Conformance or Total Non-

Conformance with environmental protection requirements is examined, so the entire procedure is based 

on the trial–and–error methodology (158). 

Case Scenario A(1) refers to full conformance with the environmental protection policy. Its financial risk is 

calculated by the total investment cost for the installation of the compact industrial unit to a) eliminate the 

risk probability for free tailings disposal, b) recover metals from tailings, and c) reuse the recovered metal 

materials by disposing of them in the global metal market industry. Economic assessment for this Case 

Scenario contains a) cost for chemical reagents, b) cost for energy, c) cost for primary installation, d) 

maintenance cost for the whole equipment to be used, and e) benefit from the utilization of recovered metal 

materials (63). By this assessment, the total investment cost is determined. 

Based on the theoretical estimation (119), the probability for non-compliance in Case Scenario A(1) ranges 

between 0-100%; however, due to the lack of achievement only for criterion 3, this probability range is 

transitioned to 0-25%. Thus, to determine the goal function in this case scenario, the Erlang distribution is 

considered due to the examination of the current conditions (159). During the audit, the grade of non-

conformance with environmental protection requirements is examined (119). 

6.4.1. Cost-Benefit Analysis in Case Scenario A(0) 

6.4.1.1. Loss Function  

Taking into consideration that Σεεπi is the primary factor that determines the fluctuation of the total 

penalty costs K(i), the loss function for Case Scenario A(0) is established by the combination of varied Y(i) 

coefficients and the primary total penalty cost K(1). Equation 2 shows the Loss Function mechanism during 

the working period. The extracted functions refer to one non-compliance annually.  
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𝐋(𝐀(𝟎), 𝐘(𝐢)) = 𝐊𝟏 ∗ [𝐘(𝐢)]𝟐 {

         𝐘(𝐢) = 𝟏                                 𝟎 ≤ 𝐢 ≤ 𝟏   𝐘𝐞𝐚𝐫𝐬

          𝐘(𝐢) = 𝟑. 𝟐𝟕                          𝟏 < 𝐢 ≤ 𝟒   𝐘𝐞𝐚𝐫𝐬  
        𝐘(𝐢) = 𝟖. 𝟏𝟕                                  𝟒 < 𝐢   𝐘𝐞𝐚𝐫𝐬

(2) 

6.4.1.2. Probability Density Function 

The Probability Density Function describes the total probability of the annual negative cost described 

through the Loss Function, which is estimated to increase for the consecutive years after the first non-

compliance in Case Scenario A(0). N refers to the audit control sites per year, estimated to be at least 4. 

Audit control sites for the consecutive years are increasing in an arithmetic progression (in Case Scenario 

A(0) due to the non-approval of environmental protection measures). In contrast, the stable factor equals 

the numerical value 4. Thus, audit control sites for the second year are at least 8, audit control sites for the 

third year are at least 12, etc. 

The natural meaning of PDF is to determine the incremental additive of growth for negative cost (160). For 

this reason, the PDF considers the estimated future negative cost in terms of the constant corresponding 

negative cost in the case of 4 audit control positions per year. In the following equation, the N parameter, 

located in the numerator of the f(Y) function, refers to the additive control sites year by year after the first 

non-compliance. The N parameter, placed in the denominator function of the f(Y), refers to the stable 

numerical value of audit control sites in the arithmetical progression.  

E[Y] refers to the estimated numerical value for Y(i). E[Y] is exported by multiplying N and probability θ(0). 

Parameter N refers to the additive control sites year by year after the first non-compliance. Standard 

deviation σ2 refers to the combination of the N factor (additive control sites year by year after the first non-

compliance) and the total probability for non-conformance, as shown in the following equations (3-5). 

𝐟(𝐘) = 𝐍! ∗ [𝛉(𝟎)]^𝐘 ∗ [[(𝟏 − 𝛉(𝟎)]𝐍−𝐘] ∗ [𝐘! ∗ (𝐍 − 𝐘)!]−𝟏(3) 

𝐄[𝐘] = 𝐍 ∗ 𝛉(𝟎), (𝟒)                              𝛔𝟐 = 𝐍 ∗ 𝛉(𝟎) ∗ [𝟏 − 𝛉(𝟎)] (5) 

6.4.1.3. Goal Function 

The Goal function describes the total negative cost for non-compliance with environmental requirements, 

which is exported by the calibration of exported negative costs of the Loss Function through the Probability 

Density Function. The physical meaning of this estimation concerns the axiom a) that numerical values 

exported by the loss function refer to one non-compliance annually, while b) f(Y) numerical values 

exported by the PDF refer to the incremental additive of growth for the negative costs by LF. 

Equation 6 shows the configuration of the Goal Function (GF) during the whole period of environmental 

monitoring control. 

𝐆(𝐀(𝟎), 𝐘(𝐢)) = 𝐊𝟏 ∗ [𝐘(𝐢)]𝟐 ∗ 𝐟(𝐘(𝐢)) {

         𝐘(𝐢) = 𝟏                                 𝟎 ≤ 𝐢 ≤ 𝟏   𝐘𝐞𝐚𝐫𝐬

          𝐘(𝐢) = 𝟑. 𝟐𝟕                          𝟏 < 𝐢 ≤ 𝟒   𝐘𝐞𝐚𝐫𝐬  
        𝐘(𝐢) = 𝟖. 𝟏𝟕                                  𝟒 < 𝐢   𝐘𝐞𝐚𝐫𝐬

(6) 

According to the configuration of the goal function, the total negative cost for non-conformance with 

environmental protection requirements is estimated. There is a classification mode of three different 

classes for the goal function. First class G(A(0),Y(1)) refers to the first year of non-compliance. Second class 

G(A(0),Y(2,3,4)) refers to the three consecutive years of non-compliance, 2nd, 3rd, and 4th after the first one. 

Third class G(A(0),Y(5)) refers to the consecutive years of non-compliance over the 5th one. This 

classification mode is described by the Greek Legislation (64). 
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The physical meaning of the configured goal functions is to show the negative impact on the incremental 

total penalty cost due to the corresponding increment of the total probability for non-conformance. 

Through the structure of the goal functions, the total penalty cost per year is demonstrated more 

realistically. Additionally, the PDF assumes a stable numerical value when the factor Y(i) also assumes a 

stable numerical value. Thus, the annual goal function will remain stable for each year after the 4th one, 

when environmental protection requirements are not implemented. 

The Goal Function (shown in Equation 6) determines the total economic assessment extracted through 

binomial distribution theory for Case Scenario A(0). The presented economic assessment is exported 

considering that θ(3)=0 to provide financial risk results for the best-case situation where there is no 

identified environmental pollution by audit controls. So, the exported financial risks are calculated only 

through the mining industry's axiom of non-environmentally friendly behavior. Further information is 

demonstrated according to the additive financial risk for non-compliance with environmental specs over 

30 years in Table A2.  

The sum of these financial risks is compared with the corresponding sum by the relevant assessment for 

Case Scenario A(1). Through CBA, this comparison provides the optimal engineering solution for the 

economic sustainability of mining waste management. As mentioned, this comparison is a combined 

appraisal tool that converts all the parameters for both scenarios into monetary terms. Its output results 

are based on the theoretical manner of applied mathematics. 

6.4.2. Cost-Benefit Analysis in Case Scenario A(1) 

The Loss Function shows the total negative cost due to the investment cost for the case project in which 

the mining tailings are waste treated through a closed system of industrial units (as shown in the Flow-

scheme in chapter 6.3.1) (63) (161). Therefore, there is a need for the installation of an industrial 

connection between buffer tanks using pipelines. This system should be fully autonomous and work for 20 

hours per day. The proposed case scenario A(1) is upscaled, considering the existing scientific 

experimental studies on metal recovery (34) (99). The combination of the technical parameters (162) that 

support this operation is tailored to treat 150 ktonnes of mining tailings annually (63). Considering that 

the annual working days are 300 and the fact that the density of mining tailings varies from 1,600-2,220 

kg/m3 it is anticipated that the average density is 2000 kg/m3 (111). So, the daily mass of the produced 

tailings is approximately 500,000 kg, and their proportional volume corresponds to 250 m3.  

The work layout of the case scenario A(1) involves three major steps. Each step contains three different 

stages. In the first two stages, the acidic aqua dissolution HCL(aq) (34-37%) with 1%w/w is added (with 

a concentration of 0.5 M) to de-bind the existing chemical salts (between the metal cations and complex 

anions of the acidic anhydrides) that are contained into the tailings (34). The third step involves the 

addition of catalysts (P2O5 in a ratio of 1566 mg/L and Cyanex 923 with a concentration of 0.3 M) to 

accelerate the metal recovery procedure. It has adopted the methodology of sunk/filtration. So, each 

material precipitating in each step contains high amounts of metal ions (99). As a result, a mixture of 

different metals (base, precious, and REEs) is recovered daily. At the same time, the aqueous dissolution, 

including catalysts and acids, could be disposed of or transferred to authorized acid treatment companies. 

The cost analysis for chemical consumption and its cost is presented in Table 5. 

Besides, the energy consumption for the mining waste management of tailings through recovery 

procedures is considered 0.06 MWh/t (25). Due to the higher cost of electrical energy than the energy of 

natural gas, it is suggested that the whole operation be supported by a combined energy system between 

electrical generators (at 40%) and natural gas multipliers (at 60%) (75). Therefore, the energy 
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consumption and cost are estimated based on the most recent energy price values. Table 7 in case scenario 

A(1) (148) (163). It is essential to mention that due to the crisis in Ukraine in 2022, the price value for 

energy showed an extremely high amount. Considering that this price value has been lowered two years 

later, the energy cost calculation was accomplished under the worst-case conditions (price value shown in 

2022) as a safety factor.   

An additional negative cost considered through the Loss Function is the primary installation and 

maintenance of the whole equipment. For the configuration of this cost, the capacity of each reactor needed 

to treat 83 m3 of tailings daily is considered. So, the productivity cost for each reactor is estimated at 30,388 

€ (150), while the total installation cost for each reactor, including the pipeline connection and partially 

needed equipment, is calibrated by the ACCE (Aspen Capital Cost Estimator) index. The installation cost is 

estimated at 170,000 € (5.6 times more) per reactor (150) (151) (151). So, the total cost of installing nine 

reactors, including their partial equipment, is estimated at 1,530,000 €. The Cost analysis for the 

configuration of the productivity cost per reactor is modified to the needed capacity (90 m3) as shown in 

Table 8. 

There are various correlations between the maintenance cost and the primary installation cost ratio. This 

ratio ranges from 17% to 23%. The estimated maintenance cost would be approximately 20% of the 

installation cost (43). Therefore, the annual maintenance cost for the consecutive years of operation after 

the first year is estimated at approximately 306,000 €.  

The benefit of the reuse of recovered materials is estimated according to their contamination into the 

tailings. Moreover, based on the chemical process of the mining tailings, the estimated total metal mass that 

could be recovered is assessed (117). Considering the fluctuation of the price values for the three major 

metal categories (base metals, precious metals, and rare earth elements), the annual positive income is 

estimated (152). So, the tailings mass of 150 ktonnes annually is estimated to recover approximately 2,152 

kg of metals (including base metals, precious metals, and rare earth elements). The annual estimated 

benefit is approximately 5,438,333 €. Further description is provided in Tables A3, A4, and A5, which are 

presented in the Appendix section and show the configuration of the potential benefit by utilizing the 

recovered metal mixture, considering the annual increase of metal price values. 

Based on this Techno-Economic Analysis, from the clear side of engineering perspective, it is 

comprehended that the crucial factors of efficiency, due to their effect on the total investment cost, are the 

costs of chemical engineering mechanism, energy consumption, primary installation and maintenance of 

the equipment, and potential revenue by the utilization of metal recovered mixture (Tables 6, 7, 8, A3-A5). 

The selected chemical engineering mechanism supports the work layout of recovery, containing the 

addition of acids or catalysts (18) (11). Moreover, the whole system should be supported by the required 

energy capacity. The entire procedure minimizes electrical energy consumption by adopting a combined 

energy support system that utilizes multipliers to convert natural gas energy into electrical power. 

Considering that the costs for chemical reagents and energy consumption significantly impact the total 

investment cost annually, the optimization of waste management is proportional to their combination in 

actual circumstances.  

6.4.2.1. Loss Functions and Goal Functions in Sub-Cases of the Case Scenario A(1) 

The Loss Function refers to the annual stable negative cost that describes Case Scenario A(1). This function 

is configured by the partial costs of operation (Cost of Primary Installation or Maintenance per year (CIM), 

Cost of required Energy (EC), Cost of Chemical Reagents (CCR), and Benefit Value (BV) by the reuse of 

recovered metal materials) and is described by the real Goal Function too. The total investment cost K(i) 
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expresses the total stable money loss for investment and operation of the metal recovery project through 

a closed system of industrial units, including chemical reagents and catalysts. Loss Function for each 

operation year in Case Scenario A(1) is established by the sum of these partial costs (as shown in Table 

A6). Safety Factor +20% ensures the Loss Function’s accuracy in case of economic assessment deviation 

from the actual techno-economic conditions. Factor Y(i) in the actual Loss Function refers to the total cost 

ratio between the present year (1,2,3,…n) and the first one Y(i)=K(i)/K(1). Equation (7) shows the Loss 

Function mechanism during the working period. The extracted functions refer to the total investment cost 

in terms of full compliance with environmental protection requirements through the implementation of 

3R’s mode annually. The results for the stable annual investment cost are shown in Table A7. The at-risk 

Loss Function for all sub-cases of the Case Scenario A(1) is calculated as shown in equations 7a, 7b, and 7c, 

respectively.  

The theoretical Y(i)t indicator of negative targeting (configured by the Σεεπi ratio as in Case Scenario A(0)) 

refers to the potential negative targeting due to legal non-conformance, considering unexpected conditions 

despite investing in the Circular Economy principles. The Y(i)a indicator relates to the negative targeting of 

money loss due to the investment in sustainable tailings management processing, and is configured by the 

total investment cost ratio of the primary year to the consecutive years of operation.  

 

𝐋(𝐀(𝟎), 𝐘(𝐢)) = 𝐊(𝐢) ∗ 𝐘(𝐢)𝒕
 𝟐
{

𝐘(𝐢) = 𝟏,                  𝐊(𝐢) = 𝐊(𝟏) = 𝟑𝟕𝟒, 𝟒𝟎𝟎€     𝟎 ≤ 𝐢 ≤ 𝟏   𝐘𝐞𝐚𝐫𝐬
𝐘(𝐢) = 𝟑. 𝟐𝟕       𝐊(𝐢) = 𝐊(𝟏) = 𝟑𝟕𝟒, 𝟒𝟎𝟎 €              𝟏 < 𝐢 ≤ 𝟒 𝐘𝐞𝐚𝐫𝐬

𝐘(𝐢) = 𝟖. 𝟏𝟕            𝐊(𝐢) = 𝐊(𝟏) = 𝟑𝟕𝟒, 𝟒𝟎𝟎 €              𝟒 < 𝐢 𝐘𝐞𝐚𝐫𝐬
 

, 𝑠𝑢𝑏 −

𝑐𝑎𝑠𝑒𝑠 𝐴(1)1,2 (7a) 
 

𝐋(𝐀(𝟎), 𝐘(𝐢)) = 𝐊(𝐢) ∗ 𝐘(𝐢)𝒕 {

𝐘(𝐢) = 𝟏,                  𝐊(𝐢) = 𝐊(𝟏) = 𝟑𝟕𝟒, 𝟒𝟎𝟎€     𝟎 ≤ 𝐢 ≤ 𝟏   𝐘𝐞𝐚𝐫𝐬
𝐘(𝐢) = 𝟑. 𝟐𝟕       𝐊(𝐢) = 𝐊(𝟏) = 𝟑𝟕𝟒, 𝟒𝟎𝟎 €              𝟏 < 𝐢 ≤ 𝟒 𝐘𝐞𝐚𝐫𝐬
 𝐘(𝐢) = 𝟖. 𝟏𝟕                𝐊(𝐢) = 𝐊(𝟏) = 𝟑𝟕𝟒, 𝟒𝟎𝟎 €              𝟒 < 𝐢 𝐘𝐞𝐚𝐫𝐬

 

, 𝑠𝑢𝑏 −

𝑐𝑎𝑠𝑒𝑠 𝐴(1)3,4 (7b) 

 

𝐋(𝐀(𝟏)_𝐒𝐅, 𝐘(𝐢)) = 𝐊(𝐢) ∗

𝐘(𝐢)𝒂−𝒕 {
𝐘(𝐢) = 𝟏,                  𝐊(𝐢) = 𝐊(𝟏) = 𝟕, 𝟒𝟐𝟏, 𝟗𝟔𝟎 €     𝟎 ≤ 𝐢 ≤ 𝟏   𝐘𝐞𝐚𝐫𝐬
 𝐘(𝐢) = 𝟎. 𝟖𝟎𝟐       𝐊(𝐢) = 𝐊(𝟐) = 𝟓, 𝟗𝟓𝟑, 𝟏𝟔𝟎 €              𝟏 < 𝐢   𝐘𝐞𝐚𝐫𝐬 

,   𝑠𝑢𝑏 − 𝑐𝑎𝑠𝑒 𝐴(1)5  (7c)  

The total Loss Function L(A(1)_SF,Y(i)) refers to the annual stable investment cost on tailings management 

processing. The additional at-risk cost expressed through the L(A(0),Y(i)) for the sub-cases A(1)1-4 

corresponds to the unexpected conditions of non-conformance despite investing in a closed system of 

industrial units to manage the hazardous waste. The additive at-risk cost for the sub-case A(1)5 is 

considered to be proportional to the quality of equipment to be used. Therefore, Y(i)t. equals the Y(i)a 

indicator, in this sub-case.  

Despite investing in metal recovery to minimize risks of environmental pollution from free disposal while 

conforming to the legal obligations that are mandatory for the mining industry, it is considered that there 

is a potential risk of non-conformance even if there is any leachate detection. This potential probability of 

non-conformance refers only to the partial probability θ(3). That may correspond to an additional at-risk 

cost for the mining company. So, based on the possible natural conditions that may describe actual 

circumstances during the annual environmental inspections in Case Scenario A(1), separated Loss 

Functions and Probability Density Functions are applied to describe the potential additive at-risk negative 
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cost expressed by the theoretical Goal Function G(A(1)j,Y(i))t. The parameter of each applied Probability 

Density Function is symbolized as f(Y(i)). 

In Sub-Cases A(1)1-A(1)5, it is considered that the potential stable at-risk cost is configured as declared in 

the national legislation, implying the legal obligations of the corresponding European legislation (9) (10) 

(64) and global regulation (5). Therefore, in these sub-cases, the at-risk Loss Function equals the 

L(A(0),Y(i)). Sub-case A(1)5 refers to the maximum risky condition in Case Scenario A(1), whereas the 

potential at-risk cost is proportional to the money loss due to investment. Hence, the at-risk Loss Function 

is described as shown in equation (7). Applying the Probability Density Function is necessary to assess this 

potential additional cost. This additive cost is expressed through the theoretical Goal Function G(A(1)j,Y(i))t 

(as shown in equation 8), which ensures the financial risk assessment even if there is a potential risk of 

non-full conformance despite the full legal conformance.  

The total negative cost that describes the financial risk for each sub-case of the Case Scenario A(1) is 

calculated by the sum of the real Goal Function G(A(1)j,Y(i))r (that equals the L(A(1)_SF,Y) and expresses 

the annual cost of investment in metal recovery to manage the produced mass of tailings as shown in 

equation 9) with the theoretical Goal Function G(A(1)j,Y(i))t. Thus, the total cost, including the stable cost 

of investment and the potential at-risk cost due to unexpected conditions, is configured by the sum of those 

partial Goal Functions as shown in equation 10. The indicator j refers to each sub-case of the Case Scenario 

A(1). 

𝐆(𝐀(𝟏)𝐣, 𝐘(𝐢))
𝐭
= {

𝐋(𝐀(𝟎), 𝐘(𝐢)) ∗ 𝐟 (𝐘(𝐢)),          sub − cases A(1)1 − A(1)4          𝟎 ≤ 𝐢 ≤ 𝟑𝟎     𝐘𝐞𝐚𝐫𝐬

𝐋(𝐀(𝟏) − 𝐒𝐅, 𝐘(𝐢) ) ∗ 𝐟 (𝐘(𝐢)),            sub − case A(1)5                𝟎 ≤ 𝐢 ≤ 𝟑𝟎     𝐘𝐞𝐚𝐫𝐬
 (8) 

𝐆(𝐀(𝟏)𝐣, 𝐘(𝐢))
𝐫
= 𝐋(𝐀(𝟏)_𝐒𝐅, 𝐘(𝐢)), 𝟎 ≤ 𝐢 ≤ 𝟑𝟎     𝐘𝐞𝐚𝐫𝐬 (9) 

𝐆(𝐀(𝟏)𝐣, 𝐘(𝐢))𝐓𝐨𝐭𝐚𝐥 = 𝐆(𝐀(𝟏)𝒋, 𝐘(𝐢))
𝐭
+ 𝐆(𝐀(𝟏)𝒋, 𝐘(𝐢))

𝐫
,   𝟎 ≤ 𝐢 ≤ 𝟑𝟎     𝐘𝐞𝐚𝐫𝐬(10) 

 

6.4.2.1.1. Sub-Case A(1)1 of Stable Negative Targeting. Potential Detection of Distributed 

Environmental Pollution in Random Locations inside the Closed System of Industrial Units 

Sub-case A(1)1 refers to the potential additional cost due to the risk of detected environmental pollution 

during audit control, despite investing in metal recovery and legal compliance with the mandatory 

obligations of the mining industry. In this sub-case, it is considered that within a 30-year period, distributed 

environmental pollution will be detected in random locations within the field of the closed system with 

industrial units due to unexpected leachates. To describe the potential financial risk expressed through the 

corresponding theoretical Goal Function, the negative cost expressed by the L(A(0),Y(i)) (as shown in 

equations (2, 7a)) is multiplied by the Probability Density Function of the binomial distribution (as shown 

in equation (3)). It is essential to mention that in this sub-case, the total non-conformance is calculated 

considering that θ(0)=θ(3)max. So, the range of the total non-conformance equals 0-0.25. 

6.4.2.1.1.1. Probability Density Function-At Risk Conditions 

During the audit control by the authorized environmental lead auditors, the potential non-conformance 

due to leachate detection or distributed environmental pollution in random locations might or might not 

be detected. Therefore, the binomial distribution is the most suitable density function for the detection of 

the total at-risk probability. The applied Probability Density Function in this sub-case is shown by equation 
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3. The factor of negative targeting Y(i) equals the numerical value “1” due to non-consecutive detection of 

potential non-conformance inside the field.  

The Probability Density Function describes the total probability of the potential additive at-risk cost 

described through the Loss Function L(A(0),Y(i)) , which is estimated to increase for the consecutive years 

after the first non-compliance in sub-case A(1)1. N refers to the audit control sites per year, estimated to be 

at least 4. Audit control sites for the consecutive years are increasing in an arithmetical progression (due 

to unexpected, inefficient environmental protection measures). In contrast, the stable factor equals the 

numerical value 4. Thus, audit control sites for the second year are at least 8, audit control sites for the third 

year are at least 12, and so on. 

The natural meaning of PDF is to determine the incremental additive of growth for negative cost (160). 

Hence, the PDF considers the estimated future negative cost in terms of the constant corresponding 

negative cost in the case of 4 audit control positions per year. So, the N parameter, placed in the numerator 

function of the f(Y), refers to the additive control sites year by year after the first non-compliance. The N 

parameter, placed in the denominator function of the f(Y), refers to the stable numerical value of audit 

control sites in the arithmetical progression.  

E[Y] refers to the estimated numerical value for Y(i). E[Y] is exported by multiplying N and probability θ(0). 

Parameter N refers to the additive control sites year by year after the first non-compliance. Standard 

deviation σ2 refers to the combination of the N factor (additive control sites year by year after the first non-

compliance) and total probability for non-conformance (θ(0)max=θ(3)max=0.25 in sub-case A(1)1), as shown 

by the equations (3-5). 

6.4.2.1.1.2. Total Goal Function configured by the Theoretical (At Risk) Goal Function and Real 

Goal Function 

The theoretical Goal Function G(A(1)1,Y(i))t expresses the potential additive at-risk cost due to at-risk 

conditions in sub-case A(1)1 as shown in equation 8. Further analysis of the configuration for the theoretical 

Goal Function is provided through equation 8a, including the determined numerical values of its 

parameters. The real Goal Function G(A(1)1,Y(i))r expresses the total cost of investment in metal recovery 

processing. Thus, the total Goal Function G(A(1)1,Y(i))Total determines the annual sum of the investment 

cost plus the potential at-risk cost in case of non-full conformance, as shown in equations 8a, 9a, 10a, 

respectively. 

𝐆(𝐀(𝟏)𝟏, 𝐘(𝐢))𝐭 = 𝐋(𝐀(𝟎), 𝐘(𝐢)) ∗

𝐟 (𝐘(𝐢)){𝐘(𝐢)𝐭 = 𝟏    𝐊(𝐢) = 𝟑𝟕𝟒, 𝟒𝟎𝟎 €   𝐟(𝐘(𝐢)) = 𝟎. 𝟒𝟐𝟐,      𝟎 ≤ 𝐢 ≤ 𝟑𝟎 𝐘𝐞𝐚𝐫𝐬 (8a) 

𝐆(𝐀(𝟏)𝟏, 𝐘(𝐢))𝐫 = 𝐋(𝐀
(𝟏)𝐒𝐅, 𝐘(𝐢)) {

       𝐘(𝐢)𝐚 = 𝟏,        𝐊(𝐢) = 𝐊(𝟏) = 𝟕, 𝟒𝟐𝟏, 𝟗𝟔𝟎 €     𝟎 ≤ 𝐢 ≤ 𝟏     𝐘𝐞𝐚𝐫𝐬

𝐘(𝐢)𝐚 = 𝟎. 𝟖𝟎𝟐,     𝐊(𝐢) = 𝐊(𝟐) = 𝟓, 𝟗𝟓𝟑, 𝟏𝟔𝟎 €        𝟏 < 𝐢     𝐘𝐞𝐚𝐫𝐬  
(9a) 

𝐆(𝐀(𝟏)𝟏, 𝐘(𝐢))𝐓𝐨𝐭𝐚𝐥 = 𝐆(𝐀(𝟏)𝟏, 𝐘(𝐢))𝐭 + 𝐆(𝐀
(𝟏), 𝐘(𝐢))

𝐫
  {𝟎 ≤ 𝐢 ≤ 𝟑𝟎   𝐘𝐞𝐚𝐫𝐬 (10a) 

The results of the financial risk assessment through the CBA methodology are shown in Table A8 in the 

Appendix Section. 

6.4.2.1.2. Sub-Case A(1)2 of Unstable Negative Targeting. Potential Detection of Environmental 

Pollution in Specific Locations inside the Closed System of Industrial Units 

Sub-case A(1)2 refers to the potential additional cost due to the risk of detected environmental pollution 

during audit control, despite investing in metal recovery and legal compliance with the mandatory 
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obligations of the mining industry. In this sub-case, it is considered that within a period of 30 years, 

environmental pollution in specific locations inside the field of the closed system with industrial units is 

detected due to unexpected leachate. To describe the potential financial risk expressed through the 

corresponding theoretical Goal Function, the negative cost expressed by the L(A(0),Y(i)) (as shown in 

equations (2, 7a)) is multiplied by the Probability Density Function of the binomial distribution (as shown 

in equation 3). It is essential to mention that in this sub-case, the total non-conformance is calculated 

considering that θ(0)=θ(3)max. So, the range of the total non-conformance equals 0-0.25. 

6.4.2.1.2.1. Probability Density Function 

During the audit control by the authorized environmental lead auditors, the potential non-conformance 

due to leachate detection or distributed environmental pollution in specific locations might or might not 

be detected. Therefore, the binomial distribution is the most suitable density function for the detection of 

the total at-risk probability. The applied Probability Density Function in this sub-case is shown by equation 

3. The factor of negative targeting Y(i) equals ranges between numerical values “1-8.17” (as indicated by 

equation 2 and Table A1) due to the consecutive detection of potential non-conformance inside the field.  

The Probability Density Function describes the total probability of the potential additive at-risk cost 

described through the Loss Function L(A(0),Y(i)) , which is estimated to increase for the consecutive years 

after the first non-compliance in sub-case A(1)2. N refers to the audit control sites per year, estimated to be 

at least 4. Audit control sites for the consecutive years are increasing in an arithmetical progression (due 

to unexpected, inefficient environmental protection measures). In contrast, the stable factor equals the 

numerical value 4. Thus, audit control sites for the second year are at least 8, audit control sites for the third 

year are at least 12, and so on. 

The natural meaning of PDF is to determine the incremental additive of growth for negative cost (160). 

Hence, the PDF considers the estimated future negative cost in terms of the constant corresponding 

negative cost in the case of 4 audit control positions per year. So, the N parameter, placed in the numerator 

function of the f(Y), refers to the additive control sites year by year after the first non-compliance. The N 

parameter, placed in the denominator function of the f(Y), refers to the stable numerical value of audit 

control sites in the arithmetical progression.  

E[Y] refers to the estimated numerical value for Y(i). E[Y] is exported by multiplying N and probability θ(0). 

Parameter N refers to the additive control sites year by year after the first non-compliance. Standard 

deviation σ2 refers to the combination of the N factor (additive control sites year by year after the first non-

compliance) and total probability for non-conformance (θ(0)max=θ(3)max=0.25 in sub-case A(1)2), as shown 

by the equations (3-5). 

6.4.2.1.2.2. Total Goal Function configured by the Theoretical (At Risk) Goal Function and Real 

Goal Function 

The theoretical Goal Function G(A(1)2,Y(i))t expresses the potential additive at-risk cost due to at-risk 

conditions in sub-case A(1)2 as shown in equation 8. Further analysis of the configuration for the theoretical 

Goal Function is provided through equation 8b, including the determined numerical values of its 

parameters. The real Goal Function G(A(1)2,Y(i))r expresses the total cost of investment in metal recovery 

processing. Thus, the total Goal Function G(A(1)2,Y(i))Total determines the annual sum of the investment 

cost plus the potential at-risk cost in case of non-full conformance, as shown in equations 8b, 9b, 10b, 

respectively. 
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𝐆(𝐀(𝟏)𝟐, 𝐘(𝐢))𝐭 = 𝐋(𝐀(𝟎), 𝐘(𝐢)) ∗

𝐟 (𝐘(𝐢))

{
 
 

 
 𝐘(𝐢)𝐭 = 𝟏    𝐊(𝐢) = 𝟑𝟕𝟒, 𝟒𝟎𝟎 €   𝐟(𝐘(𝐢)) = 𝟎. 𝟒𝟐𝟐,      𝟎 ≤ 𝐢 ≤ 𝟏 𝐘𝐞𝐚𝐫𝐬

𝐘(𝐢)𝐭 = 𝟑. 𝟐𝟕    𝐊(𝐢) = 𝟏, 𝟐𝟐𝟑, 𝟏𝟔𝟓 €   𝐟(𝐘(𝐢)) = 𝟎. 𝟎𝟑𝟓,      𝟏 < 𝐢 ≤ 𝟒 𝐘𝐞𝐚𝐫𝐬

𝐘(𝐢)𝐭 = 𝟖. 𝟏𝟕    𝐊(𝐢) = 𝟑, 𝟎𝟓𝟕, 𝟗𝟏𝟐 €   𝐟(𝐘(𝐢)) = 𝟎. 𝟎𝟎𝟒,     𝟒 < 𝐢 ≤ 𝟑𝟎 𝐘𝐞𝐚𝐫𝐬
 

(8b) 

 

𝐆(𝐀(𝟏)𝟐, 𝐘(𝐢))𝐫 = 𝐋(𝐀
(𝟏)𝐒𝐅, 𝐘(𝐢)) {

       𝐘(𝐢)𝐚 = 𝟏,        𝐊(𝐢) = 𝐊(𝟏) = 𝟕, 𝟒𝟐𝟏, 𝟗𝟔𝟎 €     𝟎 ≤ 𝐢 ≤ 𝟏     𝐘𝐞𝐚𝐫𝐬

𝐘(𝐢)𝐚 = 𝟎. 𝟖𝟎𝟐,     𝐊(𝐢) = 𝐊(𝟐) = 𝟓, 𝟗𝟓𝟑, 𝟏𝟔𝟎 €        𝟏 < 𝐢     𝐘𝐞𝐚𝐫𝐬  
(9b) 

 

𝐆(𝐀(𝟏)𝟐, 𝐘(𝐢))𝐓𝐨𝐭𝐚𝐥 = 𝐆(𝐀(𝟏)𝟐, 𝐘(𝐢))𝐭 + 𝐆(𝐀
(𝟏), 𝐘(𝐢))

𝐫
  {𝟎 ≤ 𝐢 ≤ 𝟑𝟎   𝐘𝐞𝐚𝐫𝐬 (10b) 

 

The results of the financial risk assessment through the CBA methodology are shown in Table A9 in the 

Appendix Section. 

6.4.2.1.3. Sub-Case A(1)3 of Stable Negative Targeting. Expected Detection of Distributed 

Environmental Pollution in Random Locations inside the Closed System of Industrial Units 

Sub-case A(1)3 refers to the potential additional cost due to the risk of detected environmental pollution 

during audit control, despite investing in metal recovery and legal compliance with the mandatory 

obligations of the mining industry. In this sub-case, at least one annual non-conformance within a period 

of 30 years is expected due to environmental pollution caused by unexpected leachates in random locations 

inside the field of the closed system with industrial units for metal recovery. To describe the potential 

financial risk expressed through the corresponding theoretical Goal Function, the negative cost expressed 

by the L(A(0),Y(i)) (as shown in equation (7b)) is multiplied by the Probability Density Function of the 

Erlang distribution (as shown in equation (11)). It is essential to mention that in this sub-case, the total 

non-conformance is calculated considering that θ(0)=θ(3)max. So, the range of the total non-conformance 

equals 0-0.25. 

6.4.2.1.3.1. Probability Density Function 

During the audit control by the authorized environmental lead auditors, the non-conformance due to 

leachate detection or distributed environmental pollution in random locations is expected to be at least 

one. Therefore, the Erlang distribution is the most suitable density function for the detection of the total at-

risk probability. The applied Probability Density Function in this sub-case is shown by equation 11.  

 

𝐟 (𝐱, 𝐤, 𝛌) = [𝛌𝐤] ∗ [𝐱𝐤−𝟏] ∗ [𝐞−𝛌𝐱] ∗ [[𝐤 − 𝟏]!]
−𝟏

(11) 

Erlang Probability Density Function is applied to calibrate the at-risk Loss Function L(A(0),Y(i)) in case of 

identified environmental pollution despite the fact of implementing close industrial units to recover metal 

materials and protect from huge free mining waste disposal. This calibration outputs the theoretical goal 

function G(A(1)3, Y(i))t, which refers to the negative cost for non-compliance with environmental protective 

measures. Thus, L(A(1)-SF, Y(i)) refers to the real goal function G(A(1)3, Y(i))r, about the total annual 

investment costs as they are shown in Table A7. In contrast, the G(A(1)3, Y(i))t refers to the probable non-

compliance due to other reasons (non-efficient recovery method and identified pollution).  

Factor λ refers to the stable number of audit control sites (4), factor k refers to the sum of audit control 

sites per year (4,8,12,…n), and factor x refers to the maximum probability of θ(0)=θ(3)max=0.25. Erlang PDF 

weights the at-risk Loss Function L(A(0), Y(i)) to extract the theoretical goal function due to identified 

environmental pollution. The physical meaning of this calibration is to determine the probable additive 

financial cost in case of identified pollution despite implementing environmentally friendly procedures.  
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The factor of negative targeting Y(i) equals the numerical value “1” due to expected non-conformance in 

random locations inside the field of the closed system with industrial units (there is no negative targeting).  

The Probability Density Function describes the total probability of the expected additive at-risk cost 

described through the Loss Function L(A(0),Y(i)) , which is estimated to increase for the consecutive years 

after the first non-compliance in sub-case A(1)3. N refers to the audit control sites per year, estimated to be 

at least 4. Audit control sites for the consecutive years are increasing in an exponential progression (due to 

unexpected, inefficient environmental protection measures). In contrast, the stable factor equals the 

numerical value 4. Thus, audit control sites for the second year are at least 8, audit control sites for the third 

year are at least 12, etc. 

The natural meaning of PDF is to determine the incremental additive of growth for negative cost (119) 

(157).  

Hence, the PDF considers the estimated future negative cost in terms of the constant corresponding 

negative cost in the case of 4 audit control positions per year. So, the k parameter, placed in the numerator 

function of the f(Y), refers to the additive control sites year by year after the first non-compliance. The λ 

parameter, placed in the f(Y), refers to the stable numerical value of audit control sites per year of 

operation.  

E[Y] refers to the estimated numerical value for Y(i). E[Y] is exported by multiplying N and probability θ(0) 

as shown in equation 12.  

𝐄[𝐘]  =  𝐍 ∗ 𝛉(𝟎)(12) 

Parameter N refers to the additive control sites year by year after the first non-compliance. The maximum 

total probability for non-conformance is θ(0)max (θ(0)max=θ(3)max=0.25 in sub-case A(1)3). 

6.4.2.1.3.2. Total Goal Function configured by the Theoretical (At Risk) Goal Function and Real 

Goal Function 

The theoretical Goal Function G(A(1)3,Y(i))t expresses the potential additive at-risk cost due to at-risk 

conditions in sub-case A(1)3 as shown in equation 8. Further analysis of the configuration for the theoretical 

Goal Function is provided through equation 8c, including the determined numerical values of its 

parameters. The real Goal Function G(A(1)3,Y(i))r expresses the total cost of investment in metal recovery 

processing. Thus, the total Goal Function G(A(1)3,Y(i))Total determines the annual sum of the investment 

cost plus the potential at-risk cost in case of non-full conformance, as shown in equations 8c, 9c, 10c, 

respectively. 

 

𝐆(𝐀(𝟏)𝟑, 𝐘(𝐢))𝐭 = 𝐋(𝐀(𝟎), 𝐘(𝐢)) ∗

𝐟 (𝐘(𝐢))      {𝐘(𝐢)𝐭 = 𝟏    𝐊(𝐢) = 𝟑𝟕𝟒, 𝟒𝟎𝟎 €        𝟐. 𝟔𝟔𝐄 − 𝟏𝟗𝟕 ≤ 𝐟(𝐘(𝐢)) ≤ 𝟐. 𝟒𝟕𝐄 − 𝟎𝟏,      𝟎 ≤ 𝐢 ≤ 𝟑𝟎 𝐘𝐞𝐚𝐫𝐬 (8c) 

 

𝐆(𝐀(𝟏)𝟑, 𝐘(𝐢))𝐫 = 𝐋(𝐀
(𝟏)𝐒𝐅, 𝐘(𝐢)) {

       𝐘(𝐢)𝐚 = 𝟏,        𝐊(𝐢) = 𝐊(𝟏) = 𝟕, 𝟒𝟐𝟏, 𝟗𝟔𝟎 €     𝟎 ≤ 𝐢 ≤ 𝟏     𝐘𝐞𝐚𝐫𝐬

𝐘(𝐢)𝐚 = 𝟎. 𝟖𝟎𝟐,     𝐊(𝐢) = 𝐊(𝟐) = 𝟓, 𝟗𝟓𝟑, 𝟏𝟔𝟎 €        𝟏 < 𝐢     𝐘𝐞𝐚𝐫𝐬  
(9c) 

 

𝐆(𝐀(𝟏)𝟑, 𝐘(𝐢))𝐓𝐨𝐭𝐚𝐥 = 𝐆(𝐀(𝟏)𝟑, 𝐘(𝐢))𝐭 + 𝐆(𝐀
(𝟏), 𝐘(𝐢))

𝐫
  {𝟎 ≤ 𝐢 ≤ 𝟑𝟎   𝐘𝐞𝐚𝐫𝐬 (10c) 

 

The results of the financial risk assessment through the CBA methodology are shown in Table A10 in the 

Appendix Section. 
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6.4.2.1.4. Sub-Case A(1)4 of Unstable Negative Targeting. Expected Detection of Environmental 

Pollution in Specific Locations inside the Closed System of Industrial Units 

Sub-case A(1)4 refers to the potential additional cost due to the risk of detected environmental pollution 

during audit control, despite investing in metal recovery and legal compliance with the mandatory 

obligations of the mining industry. In this sub-case, at least one annual non-conformance is expected within 

a 30-year period due to environmental pollution caused by unexpected leachates in specific locations 

within the field of the closed system, which includes industrial units for metal recovery. To describe the 

potential financial risk expressed through the corresponding theoretical Goal Function, the negative cost 

expressed by the L(A(0),Y(i)) (as shown in equation (7b)) is multiplied by the Probability Density Function 

of the Erlang distribution (as shown in equation (11)) including the increase of the negative targeting Y(i). 

It is essential to mention that in this sub-case, the total non-conformance is calculated considering that 

θ(0)=θ(3)max. So, the range of the total non-conformance equals 0-0.25. 

6.4.2.1.4.1. Probability Density Function 

During the audit control by the authorized environmental lead auditors, the non-conformance due to 

leachate detection or distributed environmental pollution in random locations is expected to be at least 

one. Therefore, the Erlang distribution is the most suitable density function for the detection of the total at-

risk probability. The applied Probability Density Function in this sub-case is shown by equation 11. 

The Erlang Probability Density Function is applied to calibrate the at-risk Loss Function L(A(0),Y(i)) in case 

of identified environmental pollution despite the fact of implementing close industrial units to recover 

metal materials and protect from huge free mining waste disposal. This calibration outputs the theoretical 

goal function G(A(1)4, Y(i))t, which refers to the negative cost for non-compliance with environmental 

protective measures. Thus, L(A(1)-SF, Y(i)) refers to the real goal function G(A(1)4, Y(i))r, about the total 

annual investment costs as they are shown in Table A7. In contrast, the G(A(1)4, Y(i))t refers to the probable 

non-compliance due to other reasons (non-efficient recovery method and identified pollution).  

Factor λ refers to the stable number of audit control sites (4), factor k refers to the sum of audit control 

sites per year (4,8,12,…n), and factor x refers to the maximum probability of θ(0)=θ(3)max=0.25. Erlang PDF 

weights the at-risk Loss Function L(A(0), Y(i)) to extract the theoretical goal function due to identified 

environmental pollution. The physical meaning of this calibration is to determine the probable additive 

financial cost in case of identified pollution despite implementing environmentally friendly procedures.  

The factor of negative targeting Y(i) ranges between the numerical values “1-8.17” due to expected non-

conformance in specific locations inside the field of the closed system with industrial units (there is no 

negative targeting) .  

The Probability Density Function describes the total probability of the expected additive at-risk cost 

described through the Loss Function L(A(0),Y(i)) , which is estimated to increase for the consecutive years 

after the first non-compliance in sub-case A(1)4. N refers to the audit control sites per year, estimated to be 

at least 4. Audit control sites for the consecutive years are increasing in an exponential progression (due to 

unexpected, inefficient environmental protection measures). In contrast, the stable factor equals the 

numerical value 4. Thus, audit control sites for the second year are at least 8, audit control sites for the third 

year are at least 12, etc. 

The natural meaning of PDF is to determine the incremental additive of growth for negative cost (119) (157) 

(158). Hence, the PDF considers the estimated future negative cost in terms of the constant corresponding 

negative cost in the case of 4 audit control positions per year. So, the k parameter, placed in the numerator 

function of the f(Y), refers to the additive control sites year by year after the first non-compliance. The λ 
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parameter, placed in the f(Y), refers to the stable numerical value of audit control sites per year of 

operation.  

E[Y] refers to the estimated numerical value for Y(i). E[Y] is exported by multiplying N and probability θ(0) 

as shown in equation 12. Parameter N refers to the additive control sites year by year after the first non-

compliance. The maximum total probability for non-conformance is θ(0)max (θ(0)max=θ(3)max=0.25 in sub-case 

A(1)4). 

6.4.2.1.4.2. Total Goal Function configured by the Theoretical (At Risk) Goal Function and Real 

Goal Function 

The theoretical Goal Function G(A(1)4,Y(i))t expresses the potential additive at-risk cost due to at-risk 

conditions in sub-case A(1)4 as shown in equation 8. Further analysis of the configuration for the theoretical 

Goal Function is provided through equation 8d, including the determined numerical values of its 

parameters. The real Goal Function G(A(1)4,Y(i))r expresses the total cost of investment in metal recovery 

processing. Thus, the total Goal Function G(A(1)4,Y(i))Total determines the annual sum of the investment 

cost plus the potential at-risk cost in case of non-full conformance, as shown in equations 8d, 9d, 10d, 

respectively. 

𝐆(𝐀(𝟏)𝟒, 𝐘(𝐢))𝐭 = 𝐋(𝐀(𝟎), 𝐘(𝐢)) ∗

𝐟 (𝐘(𝐢))

{
 
 

 
 𝐘(𝐢)𝐭 = 𝟏    𝐊(𝐢) = 𝟑𝟕𝟒, 𝟒𝟎𝟎 €                                   𝐟(𝐘(𝐢)) = 𝟐. 𝟒𝟕𝐄 − 𝟎𝟏,               𝟎 ≤ 𝐢 ≤ 𝟏 𝐘𝐞𝐚𝐫𝐬

𝐘(𝐢)𝐭 = 𝟑. 𝟐𝟕    𝐊(𝐢) = 𝟏, 𝟐𝟐𝟑, 𝟏𝟔𝟓 €     𝟏. 𝟏𝟑𝐄 − 𝟏𝟐 < 𝐟(𝐘(𝐢)) ≤ 𝟐. 𝟗𝟒𝐄 − 𝟎𝟒,      𝟏 < 𝐢 ≤ 𝟒 𝐘𝐞𝐚𝐫𝐬

𝐘(𝐢)𝐭 = 𝟖. 𝟏𝟕    𝐊(𝐢) = 𝟑, 𝟎𝟓𝟕, 𝟗𝟏𝟐 €        𝟐. 𝟔𝟔𝐄 − 𝟏𝟗𝟕 < 𝐟(𝐘(𝐢)) ≤ 𝟏. 𝟐𝟐𝐄 − 𝟏𝟕,     𝟒 < 𝐢 ≤ 𝟑𝟎 𝐘𝐞𝐚𝐫𝐬
 

(8d) 

 

𝐆(𝐀(𝟏)𝟒, 𝐘(𝐢))𝐫 = 𝐋(𝐀
(𝟏)𝐒𝐅, 𝐘(𝐢)) {

       𝐘(𝐢)𝐚 = 𝟏,        𝐊(𝐢) = 𝐊(𝟏) = 𝟕, 𝟒𝟐𝟏, 𝟗𝟔𝟎 €     𝟎 ≤ 𝐢 ≤ 𝟏     𝐘𝐞𝐚𝐫𝐬

𝐘(𝐢)𝐚 = 𝟎. 𝟖𝟎𝟐,     𝐊(𝐢) = 𝐊(𝟐) = 𝟓, 𝟗𝟓𝟑, 𝟏𝟔𝟎 €        𝟏 < 𝐢     𝐘𝐞𝐚𝐫𝐬  
(9d) 

 

𝐆(𝐀(𝟏)𝟒, 𝐘(𝐢))𝐓𝐨𝐭𝐚𝐥 = 𝐆(𝐀(𝟏)𝟒, 𝐘(𝐢))𝐭 + 𝐆(𝐀
(𝟏), 𝐘(𝐢))

𝐫
  {𝟎 ≤ 𝐢 ≤ 𝟑𝟎   𝐘𝐞𝐚𝐫𝐬 (10d) 

 

The results of the financial risk assessment through the CBA methodology are shown in Table A11 in the 

Appendix Section. 

6.4.2.1.5. Sub-Case A(1)5 of Unstable Negative Targeting. Expected Detection of Distributed 

Environmental Pollution in Specific Locations inside the Closed System of Industrial Units. 

Financial Risk is calculated based on the Annual Stable Total Investment Cost 

Sub-case A(1)5 refers to the potential additional cost due to the risk of detected environmental pollution 

during audit control, despite investing in metal recovery and legal compliance with the mandatory 

obligations of the mining industry. In this sub-case, at least one annual non-conformance is expected within 

a 30-year period due to environmental pollution caused by unexpected leachates in specific locations 

within the field of the closed system, which includes industrial units for metal recovery. Based on the 

practical application meaning of this sub-case, it is considered that the expected additive money loss due 

to detected leachates or misshaping of the equipment to be used is proportional to the total investment 

cost. It is observed that the total cost of investment to waste treat mining tailings in Case Scenario A(1), 

expressed through the actual L(A(1)_SF,Y(i)) or G(A(1),Y(i))r is approximately equaled to the additive 

penalty cost of non-compliance in Case Scenario A(0) that refers to the period from 1st to 5th Year of 

Operation.  
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So, from a clear, practical point of view, the expected additional at-risk cost should be decreasing annually 

while investing in metal recovery operations and avoiding free tailings disposal. To describe the expected 

financial risk expressed through the corresponding theoretical Goal Function, the negative cost expressed 

by the L(A(1)_SF,Y(i)) (as shown in equation (7c)) is multiplied by the Probability Density Function of the 

Erlang distribution (as shown in equation (11)) including the negative targeting Y(i) depending on the 

annual stable money loss. It is essential to note that in this sub-case, the total non-conformance is calculated 

considering that θ(0)=θ(3)max. So, the range of the total non-conformance equals 0-0.25. 

 

6.4.2.1.5.1. Probability Density Function 

During the audit control by the authorized environmental lead auditors, the non-conformance due to 

leachate detection or distributed environmental pollution in random locations is expected to be at least 

one. Therefore, the Erlang distribution is the most suitable density function for the detection of the total at-

risk probability. The applied Probability Density Function in this sub-case is shown by equation 11. 

The Erlang Probability Density Function is applied to calibrate the actual Loss Function L(A(1)_SF,Y(i)) and 

calculate the expected additive negative cost. This calibration outputs the theoretical goal function G(A(1)5, 

Y(i))t, which refers to the negative cost for non-compliance with environmental protective measures, 

depending on the total investment cost (in case of identified environmental pollution despite the fact of 

implementing close industrial units to recover metal materials and protect from huge free mining waste 

disposal). Thus, L(A(1)-SF, Y(i)) refers to the real goal function G(A(1)5, Y(i))r, about the total annual 

investment costs as they are shown in Table A7. In contrast, the G(A(1)5, Y(i))t refers to the probable non-

compliance due to other reasons (non-efficient recovery method and identified pollution).  

Factor λ refers to the stable number of audit control sites (4), factor k refers to the sum of audit control 

sites per year (4,8,12,…n), and factor x refers to the maximum probability of θ(0)=θ(3)max=0.25. Erlang 

PDF weights the actual Loss Function L(A(1)_SF, Y(i)) to extract the theoretical goal function due to 

identified environmental pollution. The physical meaning of this calibration is to determine the probable 

additive financial cost, which is proportional to the total investment cost.  

The factor of negative targeting Y(i) ranges between the numerical values “1-0.802” as shown in equation 

7, due to expected non-conformance that is proportional to the quality and efficiency of the equipment to 

be used inside the field of the closed system with industrial units. Therefore, negative targeting is expected 

to decrease year by year.  

The Probability Density Function describes the total probability of the expected additive at-risk cost 

described through the theoretical Goal Function G(A(1)5, Y(i))t, which is estimated to decrease for the 

consecutive years after the first non-compliance in sub-case A(1)5. N refers to the audit control sites per 

year, estimated to be at least 4. Audit control sites for the consecutive years are increasing in an exponential 

progression (due to unexpected, inefficient environmental protection measures). In contrast, the stable 

factor equals the numerical value 4. Thus, audit control sites for the second year are at least 8, audit control 

sites for the third year are at least 12, etc. 

The natural meaning of PDF is to determine the incremental additive of growth for negative cost (119) (157) 

(158). Hence, the PDF considers the estimated future negative cost in terms of the constant corresponding 

negative cost in the case of 4 audit control positions per year. So, the k parameter, placed in the numerator 

function of the f(Y), refers to the additive control sites year by year after the first non-compliance. The λ 
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parameter, placed in the f(Y), refers to the stable numerical value of audit control sites per year of 

operation.  

E[Y] refers to the estimated numerical value for Y(i). E[Y] is exported by multiplying N and probability θ(0) 

as shown in equation 12. Parameter N refers to the additive control sites year by year after the first non-

compliance. The maximum total probability for non-conformance is θ(0)max (θ(0)max=θ(3)max=0.25 in 

sub-case A(1)5). 

6.4.2.1.5.2. Total Goal Function configured by the Theoretical (At Risk) Goal Function and Real 

Goal Function 

The theoretical Goal Function G(A(1)5,Y(i))t expresses the expected additive at-risk cost due to at-risk 

conditions in sub-case A(1)5 as shown in equation 8. Further analysis of the configuration for the theoretical 

Goal Function is provided through equation 8e, including the determined numerical values of its 

parameters. The real Goal Function G(A(1)5,Y(i))r expresses the total cost of investment in metal recovery 

processing. Thus, the total Goal Function G(A(1)5,Y(i))Total determines the annual sum of the investment 

cost plus the potential at-risk cost in case of non-full conformance, as shown in equations 8e, 9e, 10e, 

respectively. 

𝐆(𝐀(𝟏)𝟓, 𝐘(𝐢))𝐭 = 𝐋(𝐀(𝟏)𝐒𝐅, 𝐘(𝐢)) ∗ 𝐟 (𝐘(𝐢)) {
𝐘(𝐢)𝐚,𝐭 = 𝟏    𝐊(𝐢) = 𝐊(𝟏)   𝐟(𝐘(𝟏)) = 𝟎. 𝟐𝟗𝟖      𝟎 ≤ 𝐢 ≤ 𝟏 𝐘𝐞𝐚𝐫𝐬

𝐘(𝐢)𝐚,𝐭  = 𝟎. 𝟖𝟎𝟐     𝐊(𝐢) = 𝐊(𝟐)   𝐟(𝐘(𝟐)) = 𝟎              𝟏 < 𝐢  𝐘𝐞𝐚𝐫𝐬  
 (8e) 

𝐆(𝐀(𝟏)𝟓, 𝐘(𝐢))𝐫 = 𝐋(𝐀
(𝟏)_𝐒𝐅, 𝐘(𝐢)) {

       𝐘(𝐢)𝐚,𝐭 = 𝟏,                   𝐊(𝐢) = 𝐊(𝟏)                             𝟎 ≤ 𝐢 ≤ 𝟏     𝐘𝐞𝐚𝐫𝐬

𝐘(𝐢)𝐚,𝐭 = 𝟎. 𝟖𝟎𝟐,                 𝐊(𝐢) = 𝐊(𝟐)                                     𝟏 < 𝐢     𝐘𝐞𝐚𝐫𝐬  
(9e) 

𝐆(𝐀(𝟏)𝟓, 𝐘(𝐢))𝐓𝐨𝐭𝐚𝐥 = 𝐊(𝐢) ∗ 𝐘(𝐢) ∗ [𝟏 + 𝐟(𝐘(𝐢))] {
𝐘(𝐢)𝐚,𝐭 = 𝟏        𝐊(𝐢) = 𝐊(𝟏)    𝐟(𝐘(𝟏)) = 𝟎. 𝟐𝟗𝟖      𝟎 ≤ 𝐢 ≤ 𝟏 𝐘𝐞𝐚𝐫𝐬

𝐘(𝐢)𝐚,𝐭 = 𝟎. 𝟖𝟎𝟐     𝐊(𝐢) = 𝐊(𝟐)   𝐟(𝐘(𝟐)) = 𝟎             𝟏 < 𝐢  𝐘𝐞𝐚𝐫𝐬  
 

(10e) 

The results of the financial risk assessment through the CBA methodology are shown in Table A12 in the 

Appendix Section. 
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7. Stochastic Financial Risk Assessment Methodology and Results 

7.1. Overview of the SRA in Mining Waste Management 
The SRA methodology is applied to estimate the degree of financial riskassessment, which refers to the 

financial risk assessment escalation provided from the deterministic approach of CBA through the total 

goal functions of each examined case. Considering the posterior conditions determined by the cost 

functions of CBA, the SRA methodology estimates the prior economic risk grade that caused them, 

implementing the Bayesian analysis simulation.  

As a purely scientific approach, SRA focuses on the risk probability distribution inside the working period 

in each case's actual condition. The total risk might or might not be detected during the environmental 

inspection at a mining company’s sites. So, based on the axiom that the detection of non-conformance may 

or may not be identified, the false-trial methodology is implemented to describe risky conditions (69) (70). 

According to these actual circumstances, to assess the total risk except for the primary cost function 

configured by CBA, the corresponding binomial stochastic Probability Density Function and its prior Beta 

distribution expressing the fluctuation of risk probability are needed (53) (55) (69) (70).  

To ensure the sensitivity of the SRA approach, theoretical sub-cases of Case Scenario A(1) are evaluated. 

Sub-cases A(1)1,3,4 refer to theoretical conditions of potential detection of widespread environmental 

pollution, expected detection of environmental pollution in random locations inside the mining area, and 

expected detection of environmental pollution in specific points inside the field, respectively, despite 

investing in mining waste management through a closed system of unit plants and in their maintenance, 

annually. 

Sub-cases A(1)2,5 refer to actual conditions of a potential risk detection. Sub-case A(1)2 refers to potential 

environmental pollution detection in specific points inside the mining area. Sub-case A(1)5 refers to the 

expected detection of environmental pollution proportional to the quality of equipment used to manage 

mining waste. 

In sub-cases where the detection of environmental pollution might or might not be detected, the binomial 

stochastic Probability Density Function and its prior, Beta distribution are considered for the potential risk 

detection. In sub-cases where the detection of environmental pollution is expected during the working 

period, the Erlang stochastic Probability Density Function and its mixture with Beta distribution are 

considered for the potential risk detection. Despite the prior distribution of the binomial Probability 

Density Function being the Gamma, considering the potentiality of risk, the most appropriate distribution 

is BetE (Beta-Erlang mixture of Sarmanov family distributions). Evaluating the actual conditions, the 

Sarmanov family distribution is the most optimal to assess the potential risk, especially in finance and 

engineering (42) (55) (87). 

The SRA applies the stochastic risk integral, including as a differential, the risk probability of non-

conformance, to estimate the numerical value calculated from the generating function of multiplying the 

variables of cost functions from CBA—stochastic Probability Density Functions—and prior Beta 

distribution. Two types of risk indicators are calculated. The first type of stochastic financial risk indicator 

that refers to the grade of financial risk, including monetary terms, is symbolized as R(A(0 or 1),Y(i)). The 

second type of stochastic risk indicator, including only the probability of non-conformance, is symbolized 

as R(A(0 or 1),θ(0)).  

Applying SRA allows a comparative assessment of its results with CBAs. The theoretical sub-cases are 

identified, and a deterministic risk matrix is structured by comparing the stochastic financial risk ratios of 
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all cases. SRA methodology verifies CBA’s results and which of the examined sub-cases are unlikely to occur 

in actual circumstances. 

7.2. Stochastic Financial Risk Assessment in Case Scenario A(0) 
This section focuses on the stochastic risk assessment of Case Scenario A(0). The SRA is applied to assess 

the Risk Indicator R, considering the mandatory legal obligations of the mining industry regarding tailings 

management. The stochastic indicator R shows the grade of economic sustainability risk that describes 

Case Scenario A(0) based on the terms and definitions of the Circular Economy’s principles that are 

expressed through the corresponding legal obligations. The calculated risk indicator R(A(0),Y(i)) describes 

the stochastic financial risk of the Case Scenario A(0), including monetary terms. The corresponding risk 

indicator R(A(0),θ(0)) shows the grade of the stochastic financial risk growth in Case Scenario A(0). 

7.2.1. Application of Stochastic Risk Integral 

The corresponding Risk Integral, as shown in equation 13c, calculates the Stochastic Financial Risk of the 

Case Scenario A(0) through Bayesian Analysis. In Case Scenario A(0), the Risk Integral limits’ range is 

determined by the addition of θ(0) partial probabilities, as shown in Table 3. Thus, considering the minimum 

risky conditions, the limit down equals 0.75, and the limit up equals 1. Total Stochastic Financial Risk is 

exported by Equations 13a-13c (95) (86).  

Equations 13a to 13c demonstrate the configuration of the total Stochastic Risk Integral. Equation 14 

analyzes the configuration of partial risks that structure the total financial risk in Case Scenario A(0) (95) 

(86). 

𝐑(𝐀(𝟎), 𝐘(𝐢)) = ∑ 𝐑(𝐀(𝟎), 𝐘(𝐢)
𝑛

𝑖=1
 (13a) 

𝐑(𝐀(𝟎), 𝐘(𝐢)) =  𝐑(𝐀(𝟎), 𝐘(𝟏))  +  𝐑(𝐀(𝟎), 𝐘(𝟐, 𝟑, 𝟒))  +  𝐑(𝐀(𝟎), 𝐘(𝟓)) (13b) 

𝐑(𝐀(𝟎), 𝐘(𝐢)) = ∫ 𝐄[𝐆(𝐀(𝟎), 𝛉(𝟎))] ∗ 𝐁𝐞𝐭𝐚(𝐭, 𝐫, 𝛉(𝟎))𝐝𝛉(𝟎)
𝟏

𝟎.𝟕𝟓
(13c) 

R(A(0), Y(i)) =∫ (𝐊(𝟏) ∗ 𝚬(𝚼(𝟏)𝟐) ∗ 𝐟(𝐘(𝟏)) + 𝐊(𝟏) ∗ 𝐄(𝚼(𝟐, 𝟑, 𝟒)𝟐) ∗ 𝐟(𝐘(𝟐, 𝟑, 𝟒)) + 𝐊(𝟏) ∗
𝟏

𝟎.𝟕𝟓

𝐄(𝚼(𝟓)𝟐) ∗ 𝐟(𝐘(𝟓))) ∗ 𝐁𝐞𝐭𝐚(𝐭, 𝐫, 𝛉(𝟎)) 𝐝𝛉(𝟎) (14) 

The estimated value of the Y(i)2 factor is symbolized as E[Y(i)2], and its calculation is given using the 

following equations (15-18).  

𝐚) 𝐄[𝐘𝟐] = (𝐦(𝛉(𝟎)))
𝟐 + 𝛔𝟐 (15), whereas 

𝐛) 𝐦(𝛉(𝟎)) =
𝐍(𝐀𝐮𝐝𝐢𝐭 𝐂𝐨𝐧𝐭𝐫𝐨𝐥 𝐒𝐢𝐭𝐞𝐬)

𝐍(𝐖𝐨𝐫𝐤𝐢𝐧𝐠 𝐃𝐚𝐲𝐬)
=

𝟒

𝟑𝟎𝟎
= 𝟎. 𝟎𝟏𝟑 (16) and 

𝛔𝟐 = 𝐍(𝐀𝐮𝐝. 𝐂𝐨𝐧𝐭𝐫𝐨𝐥 𝐒𝐢𝐭𝐞𝐬 = 𝟒, 𝟏𝟔, . ≥ 𝟐𝟎) ∗ 𝛉(𝟎)(𝟏 − 𝛉(𝟎)) (17). 

𝐜) 𝛔𝟐 = 𝐍 ∗ 𝛉(𝟎)(𝟏 − 𝛉(𝟎)) (18) 

Considering the stochastic parameters described in equations 15-18 the following Stochastic Risk Integrals 

are determined. R(A(0), Y(1)) refers to the first classification of non-conformance (first year) as shown in 
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equation 19, R(A(0), Y(2,3,4)) refers to the second classification of non-conformance (second, third, and 

fourth year) as shown in equation 20, and R(A(0), Y(5)) refers to the stable risk for the classification after 

fourth year as shown in equation 21.  

R(A(0),Y(1))=∫ (𝐊(𝟏) ∗ (𝟎. 𝟎𝟎𝟎𝟏𝟕𝟒 + 𝟒 ∗ 𝛉(𝟎) ∗ (𝟏 − 𝛉(𝟎))) ∗ [(
𝟏

(𝟒∗𝛉(𝟎))!
)] ∗ ([

𝟏

(𝟒−𝟒∗𝛉(𝟎))!
]) ∗ 𝟒! ∗

𝟏

𝟎.𝟕𝟓

(𝛉(𝟎)
𝟒∗𝛉(𝟎)) ∗ (𝟏 − 𝛉(𝟎))

𝟒∗(𝟏−𝛉(𝟎))
) ∗  𝐁𝐞𝐭𝐚(𝐭, 𝐫, 𝛉(𝟎))𝐝𝛉(𝟎) (19) 

R(A(0),Y(2,3,4)) =∫ (𝐊(𝟏) ∗ (𝟎. 𝟎𝟎𝟎𝟏𝟕𝟒 + 𝟏𝟔 ∗ 𝛉(𝟎) ∗ (𝟏 − 𝛉(𝟎))) ∗ [(
𝟏

(𝟏𝟔∗𝛉(𝟎))!
)] ∗ ([

𝟏

(𝟏𝟔−𝟏𝟔∗𝛉(𝟎))!
]) ∗ 𝟏𝟔! ∗

𝟏

𝟎.𝟕𝟓

(𝛉(𝟎)
𝟏𝟔∗𝛉(𝟎)) ∗ (𝟏 − 𝛉(𝟎))

𝟏𝟔∗(𝟏−𝛉(𝟎))
) ∗  𝐁𝐞𝐭𝐚(𝐭, 𝐫, 𝛉(𝟎))𝐝𝛉(𝟎) (20) 

R(A(0),Y(5)) =∫ (𝐊(𝟏) ∗ (𝟎. 𝟎𝟎𝟎𝟏𝟕𝟒 + 𝟐𝟎 ∗ 𝛉(𝟎) ∗ (𝟏 − 𝛉(𝟎))) ∗ [(
𝟏

(𝟐𝟎∗𝛉(𝟎))!
)] ∗ ([

𝟏

(𝟐𝟎−𝟐𝟎∗𝛉(𝟎))!
]) ∗ 𝟐𝟎! ∗

𝟏

𝟎.𝟕𝟓

(𝛉(𝟎)
𝟐𝟎∗𝛉(𝟎)) ∗ (𝟏 − 𝛉(𝟎))

𝟐𝟎∗(𝟏−𝛉(𝟎))
) ∗  𝐁𝐞𝐭𝐚(𝐭, 𝐫, 𝛉(𝟎))𝐝𝛉(𝟎) (21) 

 

7.2.2. Beta Distribution and its Practical Application 

Beta distribution is the prior of the applied Probability Density Function of the binomial distribution. 

Equation 22 shows the Beta distribution, and its physical meaning inside Risk Integral is to calibrate the 

stochastic goal function.  

𝐁𝐞𝐭𝐚(𝐭, 𝐫, 𝛉(𝟎)) = [
𝟏

(𝐫−𝟏)!
] ∗ [

𝟏

(𝐭−𝐫−𝟏)!
] ∗ (𝐭 − 𝟏)! ∗ [(𝛉(𝟎))

𝐫−𝟏] ∗ [(𝟏 − 𝛉(𝟎))
𝐭−𝐫−𝟏

] (22) 

t refers to the annual working days=300, and r refers to the minimum audit control sites per year=4. 

Equation 23 configures the beta Function based on the numerical values of t and r. 

𝐁𝐞𝐭𝐚(𝐭, 𝐫, 𝛉(𝟎)) = (
𝟐𝟗𝟗!

𝟑!∗𝟐𝟗𝟓!
) ∗ (𝛉(𝟎))

3
∗ ((𝟏 − 𝛉(𝟎))

𝟐𝟗𝟓
) (23) 

Accounting for all these parameters, the Stochastic Financial Risk Integral is identified. Table A13 (in the 

Appendix) summarizes all the applied parameters to describe the at-risk situation in Case Scenario A(0). 

In this case, the false–trial methodology is applied to assess the potential stochastic financial risk due to 

non-compliance with the legal obligations that express the policy of Circular Economy. 

7.3. Stochastic Financial Risk Assessment in Case Scenario A(1) 
This section focuses on the stochastic risk assessment of all sub-cases in Case Scenario A(1). The SRA is 

applied to assess the Risk Indicator R, considering the mandatory legal obligations of the mining industry, 

regarding the tailings management. The stochastic indicator R shows the grade of economic sustainability 

risk that describes Case Scenario A(1) based on the terms and definitions of the Circular Economy’s 

principles that are expressed through the corresponding legal obligations. The calculated risk indicator 

R(A(1)j,Y(i)) describes the stochastic financial risk of the Case Scenario A(1), including monetary terms. 

The corresponding risk indicator R(A(1)j,θ(0)) shows the grade of the stochastic financial risk growth in 

Case Scenario A(1). 
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7.3.1. Application of Stochastic Risk Integral 

The corresponding Risk Integral, as shown in equation 24, calculates the Stochastic Financial Risk of all 

sub-cases in Case Scenario A(1) through Bayesian Analysis. In Case Scenario A(1), the Risk Integral limits’ 

range is determined by the addition of θ(0) partial probabilities, as shown in Table 3. Thus, considering the 

maximum risky conditions, the limit down equals 0, and the limit up equals 0.25. Total Stochastic Financial 

Risk is exported by equation 24 (86). Equations 24, 25 demonstrate the configuration of the total Stochastic 

Risk Integral for all sub-cases of the Case Scenario A(1). Equations 26 and 27 analyze the configuration of 

partial risks that structure the total financial risk in the sub-cases of the Case Scenario A(1) (42) (56) (55) 

(86) (95) (164). 

𝐑(𝐀(𝟏)𝐣, 𝐘(𝐢)) =∑ 𝐑(𝐀(𝟏)𝐣, 𝐘(𝐢)
𝑛

𝑖=1
 (24) 

𝐑(𝐀(𝟏)𝐣, 𝐘(𝐢)) = ∫ 𝐄[𝐆(𝐀(𝟏)𝐣, 𝛉(𝟎))] ∗ 𝐁𝐞𝐭𝐚(𝐭, 𝐫, 𝛉(𝟎))𝐝𝛉(𝟎)
𝟎.𝟐𝟓

𝟎
 (25) 

The factor E[G(A(1)j,θ(0)] refers to the stochastic total annual goal function that describes each sub-case. 

This stochastic annual total goal function is configured by multiplying the total annual loss function, 

exported from CBA, with the stochastic Probability Density Function that describes each sub-case. So, in 

sub-cases A(1)1 and A(1)2, the binomial Probability Density Function is applied to identify the potential 

stochastic goal function. In contrast, the Erlang Probability Density Function is applied to identify the 

expected stochastic goal function.  

R(A(1)j, Y(i)) refers to the annual classification of non-conformance (in each sub-case of Case Scenario 

A(1)) as shown in equations 26 and 27. L(i) refers to the total annual loss function that is structured by the 

sum of the actual and the theoretical loss function, including SF. Equation 26 describes the R(A(1)j,Y(i)) in 

sub-cases A(1)1 and A(1)2. Equation 27 describes the R(A(1)j,Y(i)) in sub-cases A(1)3 and A(1)4.  

 

R(A(1)j,Y(i)) =∫ 𝐋(𝐢) ∗ (𝟎. 𝟎𝟎𝟎𝟏𝟕𝟒 + 𝐍𝐢 ∗ 𝛉(𝟎) ∗ (𝟏 − 𝛉(𝟎))) ∗ [(
𝟏

(𝐍𝐢∗𝛉(𝟎))!
)] ∗ ([

𝟏

(𝐍𝐢−𝐍𝐢∗𝛉(𝟎))!
]) ∗ 𝐍𝐢! ∗

𝟎.𝟐𝟓

𝟎

(𝛉(𝟎)
𝐍𝐢∗𝛉(𝟎)) ∗ (𝟏 − 𝛉(𝟎))

𝐍𝐢∗(𝟏−𝛉(𝟎))) ∗  𝐁𝐞𝐭𝐚(𝐭, 𝐫, 𝛉(𝟎))𝐝𝛉(𝟎) (26) 

R(A(1)j,Y(i)) =∫ 𝐋(𝐢) ∗ 𝐍𝐢 ∗ 𝛉(𝟎) ∗ {[(𝐍𝐢)
𝐍𝐢𝛉(𝟎)] ∗ [𝛉(𝟎)

𝐍𝐢𝛉(𝟎)−𝟏] ∗
𝐞
[−𝐍𝐢𝛉(𝟎)]

[𝟒−𝟏]!
} ∗  𝐁𝐞𝐭𝐚(𝐭, 𝐫, 𝛉(𝟎))𝐝𝛉(𝟎)

𝟎.𝟐𝟓

𝟎
 (27)     

Ni refers to the numerical value of the sum of audit control sites corresponding to each specific negative 

targeting class. So, in sub-cases A(1)1 and A(1)3 Ni equals 4 due to non-increase of the negative targeting 

Y(i). In sub-case A(1)2, and A(1)4 Ni equals 4, 16, 20 for the first, second, and third classes of negative 

targeting Y(i) as shown in equation 28. 

𝐍𝐢 = {
𝟒,                   𝐘(𝐢) = 𝟏
𝟏𝟔,             𝐘(𝐢) = 𝟑. 𝟐𝟕
𝟐𝟎,             𝐘(𝐢) = 𝟖. 𝟏𝟕

(28) 

Equations 29, 30 describe the partial R(A(1)j,Y(i)) indicators for the sub-case A(1)5. These indicators 

structure the estimated stochastic financial risk in sub-case A(1)5. In this sub-case, it is considered that the 
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loss function inside the stochastic risk integral is expressed by the total goal function that is structured by 

the sum of the actual and the theoretical goal function. This axiom is adopted because the total goal function 

calculated by the CBA may deviate from the actual expected conditions (even if these conditions refer to 

the total investment cost or the expected penalty cost despite implementing environmental safety 

procedures). 

R(A(1),Y(1))=∫ 𝐆(𝐀(𝟏)𝟓, 𝐘(𝟏))𝐓𝐨𝐭𝐚𝐥 ∗ 𝟒 ∗ 𝛉(𝟎) ∗ {[
(𝟒)𝟒𝛉(𝟎)] ∗ [𝛉(𝟎)

𝟒𝛉(𝟎)−𝟏] ∗
𝐞
[−𝟒𝛉(𝟎)]

[𝟒−𝟏]!
} ∗

𝟎.𝟐𝟓

𝟎

 𝐁𝐞𝐭𝐚(𝐭, 𝐫, 𝛉(𝟎))𝐝𝛉(𝟎) (29)     

R(A(1),Y(2,3,4,…n))=∫ 𝐆(𝐀(𝟏)𝟓, 𝐘(𝟐))𝐓𝐨𝐭𝐚𝐥 ∗ 𝟖 ∗ 𝛉(𝟎) ∗ {[𝟒
(𝟖,𝟏𝟐,𝟏𝟔…𝐧)𝛉(𝟎)] ∗ [𝛉(𝟎)

(𝟖,𝟏𝟐,𝟏𝟔…𝐧)𝛉(𝟎)−𝟏] ∗
𝟎.𝟐𝟓

𝟎

𝐞
[−𝟒𝛉(𝟎)]

[(𝟖,𝟏𝟐,𝟏𝟔…𝐧)−𝟏]!
} ∗ 𝐁𝐞𝐭𝐚(𝐭, 𝐫, 𝛉(𝟎)) 𝐝𝛉(𝟎) (30) 

7.3.2. Beta Distribution and its Practical Application 

Beta distribution is the prior of the applied Probability Density Function of the binomial distribution. 

Equation 22 shows the beta distribution, and its physical meaning inside Risk Integral is to calibrate the 

stochastic goal function to assess the potential stochastic financial risk. Accounting for all these parameters, 

the Stochastic Financial Risk Integral is identified.  

Table A14 (in the Appendix) summarizes all the applied parameters to describe the at-risk situation in sub-

cases A(1)1 and A(1)2. In these cases, the false–trial methodology is applied to assess the potential 

stochastic financial risk due to non-compliance with the legal obligations that express the policy of Circular 

Economy. Table A15 (in the Appendix) summarizes all the applied parameters to describe the at-risk 

situation in sub-cases A(1)3 to A(1)5. In these cases the linear approach is applied to assess the expected 

stochastic financial risk due to non-compliance with the legal obligations that express the policy of Circular 

Economy. 
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8. Results and Discussion 

8.1. Techno-Economic Assessment, under the Principles of Circular Economy and 

Environmental Risks 

8.1.1. Key Factors Affecting the Sustainability Level in Case Scenario A(0) 

Considering the legal obligations that configure the negative cost expressed by the annual Penalty Cost K(i) 

of the Case Scenario A(0), it is observed that the key factors are involved in the parameter K(i) (as shown 

in equation 1 and Table A1). These factors refer to a) the standard penalty cost, b) the annual revenue 

growth of each company, and c) the weighting factor ΣΒ depending on the classification of waste risk. The 

crucial factors refer to a) the annual Σεεπi indicator that configures the corresponding indicator of negative 

targeting Y(i), and b) the total probability of non-conformance. It is essential to mention that, based on the 

legislation for environmental protection, the potential detected environmental pollution corresponds only 

to a quarter (25%) of total non-conformance, as shown in Table 4. This study takes into account the axiom 

that there is at least one environmental inspection per year, while the minimum risky conditions describe 

the conditions of Case Scenario A(0). So, the techno-economic assessment described by the Penalty Cost 

refers to the best-case conditions (θ(0)=75%) in case of non-legal conformance with environmental 

legislative requirements. Figure 14 shows the behavior of the crucial factor Y(i) and the total estimated 

negative cost expressed by the Penalty Cost K(i) per year, within a period of 30 years. 

 

Figure 14 Escalation of Y(i) and K(i) in Case Scenario A(0), within a period of 30 Years 

Figure 15 shows the behavior of the crucial factor Y(i) and the sum of total estimated negative cost 

expressed by the Penalty Cost K(i) per year, within a period of 30 years. 
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Figure 15 Escalation of Y(i) and Sum K(i) in Case Scenario A(0), within a period of 30 Years 

Figures 14 and 15 demonstrate a primary draft techno-economic assessment of the penalty cost in Case 

Scenario A(0). To assess the estimated actual negative cost in Case Scenario A(0), considering the negative 

targeting Y(i) and its consequences that correspond to an increase of non-conformances during 

environmental inspection, the results calculated by the Loss, Probability Density, and Goal Functions as 

shown in equations 2, 3-6, respectively, are required. The Loss Function expresses the correlation of total 

penalty cost K(i) with the negative targeting Y(i). The role of PDF is to accurately estimate the total actual 

consecutive increase in the probability of negative achievement. The Goal Function calculates the total 

actual financial risk. Further description of these and CBA’s partial indicators is provided in section 8.2. 

8.1.2. Key Factors Affecting the Sustainability Level in Case Scenario A(1) 

8.1.2.1. Case Scenario A(1). Sub-Cases A(1)1 – A(1)4 

Considering the legal obligations that configure the negative cost expressed by the potential annual Penalty 

Cost K(i) of the sub-cases A(1)1 and A(1)2 and the expected Penalty Cost K(i) of the sub-cases A(1)3 and 

A(1)4, it is observed that the key factors are involved in the parameter K(i) (as shown in equation 1 and 

Table A1). These factors refer to a) the standard penalty cost, b) the annual revenue growth of each 

company, and c) the weighting factor ΣΒ depending on the classification of waste risk. The crucial factors 

refer to a) the annual Σεεπi indicator that configures the corresponding indicator of negative targeting Y(i), 

and b) the total probability of non-conformance. It is essential to mention that sub-cases A(1)1-A(1)5 

consider the maximum risky conditions despite fully-legal conformance with the principles of Circular 

economy by investing to establish a closed system of industrial units to manage 150 ktonnes of tailings. So, 

based on the legislation for environmental protection, the total non-conformance refers to only the 

potential detected environmental pollution. In these sub-cases, the total probability of non-conformance 

corresponds only to a quarter (25%) of total non-conformance as shown in Table 3. The primary draft 

techno-economic assessment focuses on calculating the total estimated negative cost K(i)Total 

corresponding to the total investment cost with the maximum penalty cost of non-conformance. This study 

considers the axiom that there is at least one environmental inspection per year while the maximum risky 

conditions describe the conditions of sub-cases A(1)1-A(1)5. So, the techno-economic assessment described 

by the Penalty Cost K(i), as shown in Tables A8-A11, refers to the worst-case conditions (θ(0)=25%) in case 
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of non-conformance due to unexpected environmental risks (misshaping of the equipment, leachate 

detections, inefficient recovery procedures, etc.). Figure 16 shows the behavior of the crucial factor Y(i) 

and the annual estimated negative cost expressed only by the Penalty Cost K(i) per year, within a period of 

30 years. 

 

 

 

 

 

 

 

 

 

 

 

Figure 16 Annual Escalation of Y(i) and K(i) Indicators within a period of 30 Years 

In contrast, Figure 17 demonstrates the behavior of Y(i) negative targeting indicator, with the total 

estimated annual negative cost, including the total cost of investment and the potential additive penalty 

cost in case of non-conformance due to only the probability of detected environmental pollution.  

 

Figure 17 Annual Escalation of Y(i) and K(i)Total Indicators for Sub-cases A(1)1-A(1)4, within a period of 30 
Years 
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As it is observed, the indicators K(i) and K(i)Total are proportional to the behavior of the indicator Y(i). 

This happens because in sub-cases of consecutive non-conformance, when the negative targeting increases, 

the corresponding negative cost increases, too. Figure 17 presents the fluctuation of K(i)Total. The decrease 

in price value K(i)Total, which is observed in the 2nd, 3rd, and 4th years of operation, refers to the decrease 

in the total investment cost, as shown in Table A7.  

Figures 16 and 17 refer to a primary draft estimation of techno-economic assessment for the sub-cases 

A(1)1-A(1)4. To assess the estimated actual negative cost in all these sub-cases of the Case Scenario A(1), 

considering the negative targeting Y(i) and its consequences that correspond to an increase of non-

conformances during environmental inspection, are the results calculated by the Loss, Probability Density, 

and Goal Functions as shown in equations 2-6, and 7(a-d)-8(a-d), and tailored to each sub-case respectively, 

are required. Figures 14 and 15 present a preliminary techno-economic assessment of the penalty cost in 

Case Scenario A(0). The Loss Function expresses the correlation of total penalty cost K(i) with the negative 

targeting Y(i). The role of PDF is to accurately estimate the total actual consecutive increase in the 

probability of negative achievement. The Goal Function calculates the total actual financial risk. Further 

description of these and CBA’s partial indicators is provided in Section 8.2. 

8.1.2.2. Case Scenario A(1). Sub-Case A(1)5  

Considering the actual conditions that configure the negative cost expressed by the expected annual 

negative Cost K(i) of the sub-case A(1)5, it is observed that the key factors are proportional to the partial 

costs that structure the total investment cost to treat 150 ktonnes of tailings (as shown in Tables A6 and 

A7).  

These costs refer to the Cost of Primary Installation of equipment for metal recovery and the annual cost 

of Maintenance (CIM), Cost of Chemical Reagents (CCR), Cost of Energy (EC), and the estimated Benefit (BV) 

from the utilization of the recovered metal mixture. Observing that the total negative cost of sub-case A(1)5 

is approximately fifteen to twenty times higher than the corresponding calculated cost that refers to the 

sub-cases A(1)1-A(1)4, it is shown that the sub-case A(1)5 describes the maximum risky conditions of non-

conformance (θ(0)=θ(3)=25%) despite implementing the principles of Circular Economy.  

At the same time, the negative targeting indicator Y(i) is configured by the ratio of the total negative cost 

for each year to the first. Therefore, considering that the metal recovery operation, which adopts the 

Circular Economy and meets legal obligations, is funded annually over a 30-year period, the Y(i) remains 

stable and decreases for all years. Despite this axiom, to configure the K(i), an additive cost corresponding 

to plus 20% is calculated as the safety factor of the techno-economic assessment.  

Figure 18 shows the behavior of the negative targeting indicator Y(i) with the K(i) negative cost that refers 

to the total cost of investment considering the estimated benefit by the utilization of recovered metal 

mixture. 
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Figure 18 Annual Escalation of Y(i) and K(i) Indicators for Sub-caseA(1)5, within a period of 30 Years 

To assess the total annual negative cost, including the corresponding at-risk cost due to the maximum 

expected non-conformance, the determination of Loss, Probability Density, and Goal Functions is required. 

The K(i) refers only to the actual Loss Function that describes the total annual investment cost minus 

benefit through the correlation of total negative cost K(i) with the negative targeting Y(i). The theoretical 

Loss Function is required to determine the at-risk cost. The role of PDF is to accurately estimate the total 

actual consecutive fluctuation in the probability of negative achievement. The Goal Function calculates the 

total actual financial risk, considering the real direct cost of investment and the theoretical additional cost 

due to the expected non-conformance despite implementing the Circular Economy principles. Further 

descriptions of these and CBA’s partial indicators are provided in Section8.2.2. 
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8.2. Financial Risk Assessment through Cost-Benefit Analysis – Key Findings, 

Indices of Sustainability in Terms of Circular Economy and Results 

8.2.1. Financial Risk Assessment – CBA Results of the Case Scenario A(0) 

The CBA methodology is applied to provide the financial risk assessment by calculating the Goal Function. 

Results of the G(A(0),Y(i)) consider the corresponding results of the multiplication among L(A(0),Y(i)) and 

PDF (f(Y(i))) as shown in equations 2-6 and Tables A1 and A2.  

Figure 19 shows the escalation of Y(i) and PDF(i) indicators over the period of thirty years. Figure 20 

demonstrates the behavior of the annual Penalty Cost K(i), Loss Function L(A(0),Y(i)), and Goal Function 

G(A(0),Y(i)) with the indicators of Probability Density Function PDF, and Negative Targeting Y(i) within a 

period of thirty years. 

 

 

Figure 19 Escalation of the Y(i) and PDF(i) within a period of 30 Years in Case Scenario A(0) 
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Figure 20 Annual Financial Risk Assessment in Case Scenario A(0) including the Annual Indicators Y(i)-PDF(i) 
and the Corresponding Negative Costs K(i), L(A(0),Y(i)) and-G(A(0),Y(i)) 

Figure 21 demonstrates the total financial risk assessment through CBA methodology for a period of thirty 

years, considering the sum of the annual Penalty Cost K(i), Loss Function L(A(0),Y(i)), and Goal Function 

G(A(0),Y(i)) that describe the relevant money loss. The total negative cost, expressed as the Sum of 

G(A(0),Y(30)), refers to the estimated financial risk of approximately 7.088 billion euros, which describes 

the actual conditions converted into monetary terms in Case Scenario A(0). 

 

Figure 21 Financial Risk Assessment in Case Scenario A(0) including the Annual Indicators Y(i)-PDF(i) and the 
Sum of the Corresponding Negative Costs L(A(0),Y(i))-G(A(0),Y(i)) 

To make a business decision on what the optimal industrial case conditions are to follow, by the side of a 

start-up mining company’s internal business consultants, the calculated financial risk corresponding to 

Case Scenario A(0) should be compared with the opposite sub-cases’ financial risks that refer to Case 

Scenario A(1). The indicators of LTP, ERR, and CBA that show the sustainability grade between the 

comparable Case Scenario A(0) and all the sub-cases of Case Scenario A(1) are needed to optimize the 

decision-making.  
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8.2.2. Financial Risk Assessment – CBA Results of the Case Scenario A(1) 

8.2.2.1. Sub-Case A(1)1  

The CBA methodology is applied to provide the financial risk assessment by calculating the total Goal 

Function. Results of the G(A(1)1,Y(i))Total consider the corresponding results of the G(A(1)1,Y(i))t and 

G(A(1)1,Y(i))r as shown in the equations 8a,9a, and 10a. The G(A(1)1,Y(i))t expresses the potential additive 

cost that corresponds to non-conformance due to unexpected conditions, and its results are configured as 

shown in equations 2-6 and 8a by multiplying the theoretical Loss Function equaled L(A(0),Y(i)) (that is 

determined by the consequences of non-conformance with the legal obligations) with the PDF (f(Y(i))). The 

theoretical Y(i)t included by the L(A(0),Y(i)) of sub-case A(1)1 refers to the potential negative targeting due 

to unexpected conditions despite investing in the Circular Economy principles (as shown in Table A8) 

considering that the maximum probability of non-conformance equals 25% due to only the potential 

detected environmental pollution (θ(0)max=θ(3)max=0.25). The G(A(1)1,Y(i))r expresses the stable investment 

cost L(A(1)_SF,Y(i)) including SF as shown in equations 7 and 9a. The actual negative targeting Y(i)a, 

included by the L(A(1)_SF,Y(i)) refers to the ratio of annual investment cost to the investment cost of the 

first year (as shown in Table A7). Figure 22 demonstrates the behavior of the annual Loss, Probability 

Density, and Goal Functions compared with the escalation of both actual Y(i)a, theoretical Y(i)t, and PDF(i) 

(f(Y(i))) indicators within a period of thirty years.  

 

Figure 22 Financial Risk Assessment in sub-case A(1)1 of Case Scenario A(1) including the Annual Indicators 
of Y(i)-PDF(i) and the Corresponding Negative Cost Functions L(A(0),Y(i)), L(A(1)_SF,Y(i)),-G(A(1)1,Y(i))t, 
G(A(1)1,Y(i))r, G(A(1)1,Y(i))Total 
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Figure 23 illustrates the total financial risk assessment using the CBA methodology over a thirty-year 

period, considering the sum of the annual Loss and Goal Functions that describe the relevant negative costs. 

Total negative cost expressed by the Sum G(A(1)1,Y(30))Total refers to the estimated financial risk of 

approximately 185 m€ that describes the actual conditions converted into monetary terms in the sub-case 

A(1)1 of Case Scenario A(1). The total theoretical negative cost, which refers to the potential penalty for 

non-conformance, equals approximately 4.7 million euros. At the same time, the total negative cost that 

refers to the investment cost including a safety factor (+20%) is estimated at 180 m€. 

 

Figure 23 Financial Risk Assessment in Sub-case A(1)1 of Case Scenario A(1) including Annual Indicators of Y(i)-
PDF(i) with the Sum of Corresponding Negative Cost Functions L(A(0),Y(i)), L(A(1)_SF,Y(i)),-G(A(1)1,Y(i))t, 
G(A(1)1,Y(i))r, and G(A(1)1,Y(i))Total 

To make a business decision on what the optimal industrial case conditions to follow, by the side of a start-

up mining company’s internal business consultants, the calculated financial risk corresponding to sub-case 

A(1)1 should be compared with the opposite financial risk that refers to Case Scenario A(0). The indicators 

of LTP, ERR, and CBA that show the sustainability grade between the comparable sub-case A(1)1 of Case 

Scenario A(1) with Case Scenario A(0) are needed to optimize the decision-making.  

8.2.2.2. Sub-Case A(1)2  

The CBA methodology is applied to provide the financial risk assessment by calculating the total Goal 

Function. Results of the G(A(1)2,Y(i))Total consider the corresponding results of the G(A(1)2,Y(i))t and 

G(A(1)2,Y(i))r as shown in equations 8b, 9b, and 10b. The G(A(1)2,Y(i))t expresses the potential additive 
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cost that corresponds to non-conformance due to unexpected conditions, and its results are configured as 

shown in equations 2-6 and 8b multiplying the L(A(0),Y(i)) with the PDF (f(Y(i))). The G(A(1)2,Y(i))r 

expresses the stable investment cost L(A(1)_SF,Y(i)) including SF as shown in equations 7 and 9b. Figure 

24 demonstrates the behavior of the annual Loss, Probability Density, and Goal Functions compared with 

the escalation of both actual Y(i)a, theoretical Y(i)t, and PDF(i) (f(Y(i))) indicators within a period of thirty 

years. The actual Y(i)a refers to the ratio of annual investment cost to the investment cost of the first year 

(as shown in Table A7). The theoretical Y(i)t refers to the potential negative targeting due to unexpected 

conditions despite investing in the Circular Economy principles (as shown in Table A9).  

 

Figure 24 Financial Risk Assessment in sub-case A(1)2 of Case Scenario A(1) including the Annual Indicators of Y(i)-PDF(i) 
and the Corresponding Negative Cost Functions L(A(0),Y(i)), L(A(1)_SF,Y(i)),-G(A(1)2,Y(i))t, G(A(1)2,Y(i))r, 
G(A(1)2,Y(i))Total 

 

Figure 25 demonstrates the total financial risk assessment through CBA methodology for a period of thirty 

years, considering the sum of the annual Loss and Goal Functions that describe the relevant negative costs. 

Total negative cost expressed by the Sum G(A(1)2,Y(30))Total refers to the estimated financial risk of 

approximately 180.6 m€ that describes the actual conditions converted into monetary terms in the sub-

case A(1)2 of Case Scenario A(1). The total theoretical negative cost, which refers to the potential penalty 

for non-conformance, equals approximately 577.000 €. At the same time, the total negative cost that refers 

to the investment cost including a safety factor (+20%) is estimated at 180 m€. 
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Figure 25 Financial Risk Assessment in Sub-case A(1)2 of Case Scenario A(1) including Annual Indicators Y(i)-PDF(i) with 
the Sum of Corresponding Negative Cost Functions L(A(0),Y(i)), L(A(1)_SF,Y(i)),-G(A(1)2,Y(i))t, G(A(1)2,Y(i))r, and 
G(A(1)2,Y(i))Total 

To make a business decision on what the optimal industrial case conditions to follow, by the side of a start-

up mining company’s internal business consultants, the calculated financial risk corresponding to sub-case 

A(1)2 should be compared with the opposite financial risk that refers to Case Scenario A(0). The indicators 

of LTP, ERR, and CBA that show the sustainability grade between the comparable sub-case A(1)2 of Case 

Scenario A(1) with Case Scenario A(0) are needed to optimize the decision-making.  

8.2.2.3. Sub-Case A(1)3 

The CBA methodology is applied to provide the financial risk assessment by calculating the total Goal 

Function. Results of the G(A(1)3,Y(i))Total consider the corresponding results of the G(A(1)3,Y(i))t and 

G(A(1)3,Y(i))r as shown in the equations 8c, 9c, and 10c. The G(A(1)3,Y(i))t expresses the expected additive 

cost that corresponds to non-conformance due to negative consequences, and its results are configured as 

shown in equations 11, 12 and 8c, multiplying the L(A(0),Y(i)) with the PDF (f(Y(i))). The G(A(1)3,Y(i))r 

expresses the stable investment cost L(A(1)_SF,Y(i)) including SF as shown in equations 7, and 9c. Figure 

26 demonstrates the behavior of the annual Loss, Probability Density, and Goal Functions compared with 

the escalation of both actual Y(i)a, theoretical Y(i)t and PDF(i) (f(Y(i))) indicators within a period of thirty 

years. The actual Y(i)a refers to the ratio of annual investment cost to the investment cost of the first year 

(as shown in Table A7). The theoretical Y(i)t refers to the potential negative targeting due to unexpected 

conditions despite investing in the Circular Economy principles (as shown in Table A10).  
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Figure 26 Financial Risk Assessment in sub-case A(1)3 of Case Scenario A(1) including the Annual Indicators of Y(i)-PDF(i) 
and the Corresponding Negative Cost Functions L(A(0),Y(i)), L(A(1)_SF,Y(i)),-G(A(1)3,Y(i))t, G(A(1)3,Y(i))r, 
G(A(1)3,Y(i))Total 

Figure 27 illustrates the total financial risk assessment using the CBA methodology over a thirty-year 

period, considering the sum of the annual Loss and Goal Functions that describe the relevant negative costs. 

Total negative cost expressed by the Sum G(A(1)3,Y(30))Total refers to the estimated financial risk of 

approximately 180.15 m€ that describes the actual conditions converted into monetary terms in the sub-

case A(1)3 of Case Scenario A(1). The total theoretical negative cost, which refers to the potential penalty 

for non-conformance, equals approximately 92.555 €. At the same time, the total negative cost that refers 

to the investment cost including a safety factor (+20%) is estimated at 180 m€. 
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Figure 27 Financial Risk Assessment in Sub-case A(1)3 of Case Scenario A(1) including Annual Indicators Y(i)-PDF(i) with 
the Sum of Corresponding Negative Cost Functions L(A(0),Y(i)), L(A(1)_SF,Y(i)),-G(A(1)3,Y(i))t, G(A(1)3,Y(i))r, and 
G(A(1)3,Y(i))Total 

To make a business decision on what the optimal industrial case conditions to follow, by the side of a start-

up mining company’s internal business consultants, the calculated financial risk corresponding to sub-case 

A(1)3 should be compared with the opposite financial risk that refers to Case Scenario A(0). The indicators 

of LTP, ERR, and CBA that show the sustainability grade between the comparable sub-case A(1)3 of Case 

Scenario A(1) with Case Scenario A(0) are needed to optimize the decision-making.  

8.2.2.4. Sub-Case A(1)4 

The CBA methodology is applied to provide the financial risk assessment by calculating the total Goal 

Function. Results of the G(A(1)4,Y(i))Total consider the corresponding results of the G(A(1)4,Y(i))t and 

G(A(1)4,Y(i))r as shown in the equations 8d,9d, and 10d. The G(A(1)4,Y(i))t expresses the expected additive 

cost that corresponds to non-conformance due to negative consequences, and its results are configured as 

shown in equations 11, 12 and 8d, multiplying the L(A(0),Y(i)) with the PDF (f(Y(i))). The G(A(1)4,Y(i))r 

expresses the stable investment cost L(A(1)_SF,Y(i)) including SF as shown in equations 7 and 9d. Figure 

28 illustrates the behavior of the annual Loss, Probability Density, and Goal Functions compared with the 

escalation of both actual Y(i)a, theoretical Y(i)t and PDF(i) (f(Y(i))) indicators within a period of thirty years. 

The actual Y(i)a refers to the ratio of annual investment cost to the investment cost of the first year (as 

shown in Table A7). The theoretical Y(i)t refers to the potential negative targeting due to unexpected 

conditions despite investing in the Circular Economy principles (as shown in Table A11).  
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Figure 28 Financial Risk Assessment in sub-case A(1)4 of Case Scenario A(1) including the Annual Indicators of Y(i)-PDF(i) 
and the Corresponding Negative Cost Functions L(A(0),Y(i)), L(A(1)_SF,Y(i)),-G(A(1)4,Y(i))t, G(A(1)4,Y(i))r, 
G(A(1)4,Y(i))Total 

 

Figure 29 illustrates the total financial risk assessment using the CBA methodology over a thirty-year 

period, considering the sum of the annual Loss and Goal Functions that describe the relevant negative costs. 

Total negative cost expressed by the Sum G(A(1)4,Y(30))Total refers to the estimated financial risk of 

approximately 180.15 m€ that describes the actual conditions converted into monetary terms in the sub-

case A(1)4 of Case Scenario A(1). The total theoretical negative cost, which refers to the potential penalty 

for non-conformance, equals approximately 93.619 €. At the same time, the total negative cost that refers 

to the investment cost including a safety factor (+20%) is estimated at 180 m€. 

 



Cost-Benefit Analysis and Risk Assessment of Mining Activities 
in Terms of Circular Economy and its Environmental Impact 

 Page 111 by 198 
 

 

Figure 29 Financial Risk Assessment in Sub-case A(1)4 of Case Scenario A(1) including Annual Indicators Y(i)-PDF(i) with 
the Sum of Corresponding Negative Cost Functions L(A(0),Y(i)), L(A(1)_SF,Y(i)),-G(A(1)4,Y(i))t, G(A(1)4,Y(i))r, and 
G(A(1)4,Y(i))Total 

To make a business decision on what the optimal industrial case conditions to follow, by the side of a start-

up mining company’s internal business consultants, the calculated financial risk corresponding to sub-case 

A(1)4 should be compared with the opposite financial risk that refers to Case Scenario A(0). The indicators 

of LTP, ERR, and CBA that show the sustainability grade between the comparable sub-case A(1)4 of Case 

Scenario A(1) with Case Scenario A(0) are needed to optimize the decision-making.  

8.2.2.5. Sub-Case A(1)5  

The CBA methodology is applied to provide the financial risk assessment by calculating the total Goal 

Function. Results of the G(A(1)5,Y(i))Total consider the corresponding results of the G(A(1)5,Y(i))t and 

G(A(1)5,Y(i))r as shown in the equations 8e,9e, and 10e. The G(A(1)5,Y(i))t expresses the expected additive 

cost that corresponds to non-conformance due to negative consequences, and its results are configured as 

shown in equations 11,12 and 8e multiplying the L(A(1)_SF,Y(i)) with the PDF (f(Y(i))). The G(A(1)5,Y(i))r 

expresses the stable investment cost L(A(1)_SF,Y(i)) including SF as shown in equations 7  and 9e.  

 

Figure 30 illustrates the behavior of the annual Loss, Probability Density, and Goal Functions compared 

with the escalation of both actual Y(i)a, theoretical Y(i)t and PDF(i) (f(Y(i))) indicators within a period of 

thirty years. The actual Y(i)a refers to the ratio of annual investment cost to the investment cost of the first 

year (as shown in Table A7). The theoretical Y(i)t refers to the potential negative targeting due to 

unexpected conditions despite investing in the Circular Economy principles and is proportional to the 

money loss of total investment (as shown in Table A12). Therefore, both indices Y(i)a and Y(i)t refer to the 

same grade of negative targeting. 
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Figure 30 Financial Risk Assessment in sub-case A(1)5 of Case Scenario A(1) including the Annual Indicators of Y(i)-PDF(i) 
and the Corresponding Negative Cost Functions L(A(1)_SF,Y(i)),-G(A(1)5,Y(i))t, G(A(1)5,Y(i))r, G(A(1)5,Y(i))Total 

Figure 31 illustrates the total financial risk assessment using the CBA methodology over a thirty-year 

period, considering the sum of the annual Loss and Goal Functions that describe the relevant negative costs. 

Total negative cost expressed by the Sum G(A(1)5,Y(30))Total refers to the estimated financial risk of 

approximately 182.2 m€ that describes the actual conditions converted into monetary terms in the sub-

case A(1)5 of Case Scenario A(1). The total theoretical negative cost, which refers to the potential penalty 

for non-conformance, equals approximately 2.2 million euros. At the same time, the total negative cost that 

refers to the investment cost including a safety factor (+20%) is estimated at 180 m€. 
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Figure 31 Financial Risk Assessment in Sub-case A(1)5 of Case Scenario A(1) including Annual Indicators Y(i)-PDF(i) with 
the Sum of Corresponding Negative Cost Functions L(A(1)_SF,Y(i)), G(A(1)5,Y(i))t, G(A(1)5,Y(i))r, and G(A(1)5,Y(i))Total 

To make a business decision on what the optimal industrial case conditions to follow, by the side of a start-

up mining company’s internal business consultants, the calculated financial risk corresponding to sub-case 

A(1)5 should be compared with the opposite financial risk that refers to Case Scenario A(0). The indicators 

of LTP, ERR, and CBA that show the sustainability grade between the comparable sub-case A(1)5 of Case 

Scenario A(1) with Case Scenario A(0) are needed to optimize the decision-making.  

8.2.3. Financial Risk Assessment – Comparative Evaluation of CBA Indices between Case Scenario 

A(0) and Sub-cases of Case Scenario A(1) 

The CBA indices that assess the efficiency of each case while meeting the requirements of the CBA guidance 

on investment projects are the LTP, ERR, and CBA. LTP refers to the impact of the whole project on the 

environmental protection requirements in terms of the Circular Economy, considering the corresponding 

legislation. The LTP index is extracted by the ratio between each sub-case of the Case Scenario A(1) Sum 

G(A(1)1-5, Y(i))Total with the corresponding Sum G(A(0),Y(i)) that describes the Case Scenario A(0), as shown 

in equations 31 and 32 for each case scenario, respectively. The coefficient a% refers to the weighting factor 

that each company attributes to the LTP indicator. Results of the LTP indicator comparing all sub-cases of 

Case Scenario A(1) with Case Scenario A(0) are shown in Table A16. 

LTP[A(0)] =  a% ∗ 
Sum G(A(0),Y(i))

Total

Sum G(A(1)1−5 ,Y(i))Total
,     i = 1,2,… n years (31) 

LTP[A(1)1−5] =  a% ∗ 
Sum G(A(1)1−5 ,Y(i))Total
Sum G(A(0),Y(i))

Total

,     i = 1,2, …n years (32) 

This study, following the legal obligations, adopts the axiom that a% coefficient of LTP has the minimum 

permissible numerical value equaled 50%. As a result, there is direct correlation between LTP and ERR as 

shown in the equations 33, and 34. ERR refers to the potential revenue from reusing recovered metal 

materials due to their importance in present and future industrial needs. The ERR index is extracted based 

on the LTP’s numerical value. Equations 30 and 31 show the configuration of ERR for each case scenario, 
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respectively. Results of the ERR indicator comparing all sub-cases of Case Scenario A(1) with Case Scenario 

A(0) are shown in Table A17. 

ERR[A(0)] = (1 − a)% ∗ 
Sum G(A(0),Y(i))

Total

Sum G(A(1)1−5 ,Y(i))Total
,     i = 1,2,… n years (33) 

ERR[A(1)1−5] = (1 − a)% ∗ 
Sum G(A(1)1−5 ,Y(i))Total
Sum G(A(0),Y(i))

Total

,     i = 1,2, …n years (34) 

The total CBA index is extracted by the ratio between the Benefit and the Cost of each examined case, as 

shown in equations 35-37. The IRR indicator, which stochastically simulates the efficiency grade for all sub-

cases of the Case Scenario A(1) against the Case Scenario A(0), is calculated as shown in the supplementary 

equation of CBA’s formula 36a. In this study, the CBA index is determined by considering that ERR’s effect 

equals LTP’s impact on the project's total sustainability. Each company could configure the correlation 

between those indices according to its corporate policy; however, the LTP index always has a greater 

impact than ERR. So, by weighting both indices with the same factor, an additional level of safety is 

achieved. Results of the CBA indicator comparing all sub-cases of Case Scenario A(1) with Case Scenario 

A(0) are shown in Table A18. Results of the supplementary indicator IRR indicator comparing all sub-cases 

of Case Scenario A(1) with Case Scenario A(0), which are presented in Table A18, show the differential 

investment among each sub-case of the Case Scenario A(1) with the opposite Case Scenario A(0), too.  

CBA [A(0)] =
Benefit

Sum (G(A(0),Y(i))
Total

 (35)                     

CBA [A(1)1−5] =
Benefit

Sum (G(A(1)1−5,Y(i))Total
 (36)          

NPVNet Present Value =∑
𝑃𝑉(𝐼𝑛𝑓𝑙𝑜𝑤𝑠−𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑠)

(1+𝐼𝑅𝑅)𝑡

30

𝑡=1
 (36a) 

PVPresent Value = 𝐶𝑎𝑠ℎ 𝐹𝑙𝑜𝑤 𝑎𝑡 𝑡ℎ𝑒 𝑡𝑖𝑚𝑒 (𝑡) (36b) 

Benefit = |Sum G(A(1)1−5, Y(i)) − Sum G(A(0), Y(i))| (37)  

    Benefit of the Case Scenario A(0) is calculated as shown in Equation 37a. 

Benefit of the Case Scenario A(1) is calculated as shown in the equation 37b. 

BenefitA(0) = Sum G(A(1)1−5, Y(i)) − Sum G(A(0), Y(i)) (37a) 

BenefitA(1)1−5 = Sum G(A(0), Y(i)) − Sum G(A(1)1−5, Y(i)) (37b) 

The sub-sections 8.2.3.1-8.2.3.5 demonstrate the assessment of LTP, ERR, and final CBA indices comparing 

each sub-case of Case Scenario A(1) with Case Scenario A(0). Hence, separately, the financial risk 

assessment is provided through CBA, accounting for the total financial risks calculated by the 

corresponding Sum of the Goal Functions for all sub-cases A(1)1-5 and Case A(0). 

8.2.3.1. Escalation of the Financial Risk Assessment and partial Indices LTP, ERR, CBA 

comparing sub-case A(1)1 and Case Scenario A(0) 

Figure 32 illustrates the comparative evaluation of LTP indicators, which refer to the risk grade of sub-case 

A(1)1 and Case A(0), over a 30-year period, respectively. 
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Figure 32 Comparative Evaluation for the Escalation of LTP Indicators that refer to the Grade of Long Term Perspective 
Risk for the sub-case A(1)1 and Case Scenario A(0), respectively 

Figure 33 shows the comparative evaluation for the escalation of ERR indicators that refer to the rate of 

revenue for the sub-case A(1)1 and Case A(0) within a period of 30 years, respectively. 

 

 

Figure 33 Comparative Evaluation for the Escalation of ERR Indicators that describe the Economic Rate of Return Grade 
for the sub-case A(1)1 and Case Scenario A(0), respectively 

Figure 34 demonstrates the comparative evaluation for the escalation of final CBA indicators that describe 

the  total grade of sustainability for the sub-case A(1)1 and Case A(0) within a period of 30 years, 

respectively. 

 

Figure 34 Comparative Evaluation for the Escalation of final CBA Indicators that describe the Grade of Sustainability for 
the sub-case A(1)1 and Case Scenario A(0), respectively 
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Figure 35 summarizes the total Financial Risk Assessment, which is calculated by the corresponding Sum 

of Goal Functions that describe sub-case A(1)1 and A(0), respectively. 

 

Figure 35 Financial Risk Assessment through CBA, illustrating the Total Grade of Economic Sustainability converted into 
Monetary Terms for the sub-case A(1)1 and Case Scenario A(0), respectively 

The unique solution among the simulative equations for each examined case, shown in Figure 35, identifies 

the point of efficiency of the sub-case A(1)1 to the opposite Case Scenario A(0). Hence, the theoretical point 

of efficiency is assessed by the first eighteen days after the third working year. 

8.2.3.2. Escalation of the Financial Risk Assessment and partial Indices LTP, ERR, CBA 

comparing sub-case A(1)2 and Case Scenario A(0) 

Figure 36 demonstrates the comparative evaluation for the escalation of LTP indicators that refer to the 

risk grade of the sub-case A(1)2 and Case A(0) within a period of 30 years, respectively. 

 

Figure 36 Comparative Evaluation for the Escalation of LTP Indicators that refer to the Grade of Long Term Perspective 
Risk for the sub-case A(1)2 and Case Scenario A(0), respectively 

Figure 37 shows the comparative evaluation for the escalation of ERR indicators that refer to the rate of 

revenue for the sub-case A(1)2 and Case A(0) within a period of 30 years, respectively. 
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Figure 37 Comparative Evaluation for the Escalation of ERR Indicators that describe the Economic Rate of Return Grade 
for the sub-case A(1)2 and Case Scenario A(0), respectively 

Figure 38 illustrates the comparative evaluation of the escalation of final CBA indicators, which describe 

the total grade of sustainability for sub-case A(1)1 and Case A(0) over a 30-year period, respectively. 

 

Figure 38 Comparative Evaluation for the Escalation of final CBA Indicators that describe the Grade of Sustainability for 
the sub-case A(1)2 and Case Scenario A(0), respectively 

Figure 39 summarizes the total Financial Risk Assessment that is calculated by the corresponding Sum of 

Goal Functions that describe the sub-case A(1)1 and A(0), respectively. 

 

Figure 39 Financial Risk Assessment through CBA illustrating the Total Grade of Economic Sustainability converted into 
Monetary Terms for the sub-case A(1)2 and Case Scenario A(0), respectively 
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The unique solution among the simulative equations for each examined case shown in Figure 39, identifies 

the point of efficiency of the sub-case A(1)2 to the opposite Case Scenario A(0). Hence, the theoretical point 

of efficiency is assessed by the first eighteen days after the third working year. 

8.2.3.3. Escalation of the Financial Risk Assessment and partial Indices LTP, ERR, CBA 

comparing sub-case A(1)3 and Case Scenario A(0) 

Figure 40 demonstrates the comparative evaluation for the escalation of LTP indicators that refer to the 

risk grade of the sub-case A(1)3 and Case A(0) within a period of 30 years, respectively. 

 

Figure 40 Comparative Evaluation for the Escalation of LTP Indicators that refer to the Grade of Long Term Perspective 
Risk for the sub-case A(1)3 and Case Scenario A(0), respectively 

Figure 41 presents a comparative evaluation of the escalation of ERR indicators, specifically the rate of 

revenue, for sub-case A(1)3 and Case A(0) over a 30-year period, respectively. 

 

 

Figure 41 Comparative Evaluation for the Escalation of ERR Indicators that describe the Economic Rate of Return Grade 
for the sub-case A(1)3 and Case Scenario A(0), respectively 

Figure 42 illustrates the comparative evaluation of the escalation of final CBA indicators, which describe 

the total grade of sustainability for sub-case A(1)3 and Case A(0) over a 30-year period, respectively. 
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Figure 42 Comparative Evaluation for the Escalation of final CBA Indicators that describe the Grade of Sustainability for 
the sub-case A(1)3 and Case Scenario A(0), respectively 

 

Figure 43 summarizes the total Financial Risk Assessment, which is calculated by the corresponding Sum 

of Goal Functions that describe sub-case A(1)3 and A(0), respectively. 

 

Figure 43 Financial Risk Assessment through CBA, illustrating the Total Grade of Economic Sustainability converted into 
Monetary Terms for the sub-case A(1)3 and Case Scenario A(0), respectively 

The unique solution among the simulative equations for each examined case, shown in Figure 43, identifies 

the point of efficiency of the sub-case A(1)3 to the opposite Case Scenario A(0). Hence, the theoretical point 

of efficiency is assessed by the first eighteen days after the third working year. 

8.2.3.4. Escalation of the Financial Risk Assessment and partial Indices LTP, ERR, CBA 

comparing sub-case A(1)4 and Case Scenario A(0) 

Figure 44 illustrates the comparative evaluation of LTP indicators, which refer to the risk grade of sub-case 

A(1)4 and Case A(0), over a 30-year period, respectively. 
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Figure 44 Comparative Evaluation for the Escalation of LTP Indicators that refer to the Grade of Long Term Perspective 
Risk for the sub-case A(1)4 and Case Scenario A(0), respectively 

Figure 45 presents a comparative evaluation of the escalation of ERR indicators, specifically the rate of 

revenue, for sub-case A(1)4 and Case A(0) over a 30-year period, respectively. 

 

 

Figure 45 Comparative Evaluation for the Escalation of ERR Indicators that describe the Economic Rate of Return Grade 
for the sub-case A(1)4 and Case Scenario A(0), respectively 

Figure 46 illustrates the comparative evaluation of the escalation of final CBA indicators, which describe 

the total grade of sustainability for sub-case A(1)4 and Case A(0) over a 30-year period, respectively. 

 

 

Figure 46 Comparative Evaluation for the Escalation of final CBA Indicators that describe the Grade of Sustainability for 
the sub-case A(1)4 and Case Scenario A(0), respectively 

Figure 47 summarizes the total Financial Risk Assessment, which is calculated by the corresponding Sum 

of Goal Functions that describe sub-case A(1)4 and A(0), respectively. 
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Figure 47 Financial Risk Assessment through CBA illustrating the Total Grade of Economic Sustainability converted into 
Monetary Terms for the sub-case A(1)4 and Case Scenario A(0), respectively 

The unique solution among the simulative equations for each examined case, shown in Figure 47, identifies 

the point of efficiency of the sub-case A(1)4 to the opposite Case Scenario A(0). Hence, the theoretical point 

of efficiency is assessed by the first eighteen days after the third working year. 

 

8.2.3.5. Escalation of the Financial Risk Assessment and partial Indices LTP, ERR, CBA 

comparing sub-case A(1)5 and Case Scenario A(0) 

Figure 48 illustrates the comparative evaluation of LTP indicators, which refer to the risk grade of sub-case 

A(1)4 and Case A(0), over a 30-year period, respectively. 

 

 

Figure 48 Comparative Evaluation for the Escalation of LTP Indicators that refer to the Grade of Long Term Perspective 
Risk for the sub-case A(1)5 and Case Scenario A(0), respectively 

Figure 49 shows the comparative evaluation of the escalation of ERR indicators, which refer to the rate of 

revenue for sub-case A(1)5 and Case A(0) over a 30-year period, respectively. 
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Figure 49 Comparative Evaluation for the Escalation of ERR Indicators that describe the Economic Rate of Return Grade 
for the sub-case A(1)5 and Case Scenario A(0), respectively 

Figure 50 illustrates the comparative evaluation of the escalation of final CBA indicators, which describe 

the total grade of sustainability for sub-case A(1)5 and Case A(0) over a 30-year period, respectively. 

 

 

Figure 50 Comparative Evaluation for the Escalation of final CBA Indicators that describe the Grade of Sustainability for 
the sub-case A(1)5 and Case Scenario A(0), respectively 

Figure 51 summarizes the total Financial Risk Assessment, which is calculated by the corresponding Sum 

of Goal Functions that describe sub-case A(1)5 and A(0), respectively. 
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Figure 51 Financial Risk Assessment through CBA illustrating the Total Grade of Economic Sustainability converted into 
Monetary Terms for the sub-case A(1)5 and Case Scenario A(0), respectively 

The unique solution among the simulative equations for each examined case, shown in Figure 51, identifies 

the point of efficiency of the sub-case A(1)5 to the opposite Case Scenario A(0). Hence, the theoretical point 

of efficiency is assessed by the twenty-first day after the third working year. 
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8.3. Stochastic Financial Risk Assessment through Stochastic Risk Assessment of 

Bayesian Analysis – Key Findings, Indices and Results 
Stochastic financial risk assessment, considering the corresponding cost functions as shown in equations 

13c and 25, detects the Stochastic Risk for both case scenarios A(0) and A(1), respectively, accounting for 

the total Goal Functions through CBA. The results of equations 19-21 and 26 describe the potential 

Stochastic Financial Risk, including probable additive monetary terms that are based on the potential non-

conformance with the legal requirements, referring to the Case Scenario A(0), and sub-cases A(1)1 and 

A(1)2 of the Case Scenario A(1), respectively.  

The results of equation 27 refer to the potential Stochastic Financial Risk, involving expectedly additive 

monetary values that are configured based on the legal obligations, referring to the sub-cases A(1)3 and 

A(1)4. Results of equations 29-30 describe the potential Stochastic Financial Risk, including the expectedly 

additive costs that are based on the total investment cost that overlaps the determined penalty cost 

configured by the legislation, describing sub-case A(1)5.  

Except for the Stochastic Financial Risk Assessment, which contains monetary values to describe the 

stochastic grade of sustainability in each condition, SRA aims to assess the Stochastic Risk Indicator R that 

demonstrates the rate of the Stochastic Financial Risk Assessment for each case. Hence, the R indicator that 

is symbolized as R(A(0),Y(i)) and R(A(1)1-5,Y(i)) refers to the Stochastic Financial Risk Indicator converted 

into monetary terms, containing the relevant costs as shown in equations 19-21, 26-27, and 29-30, for the 

Case Scenario A(0) and all the sub-cases of the Case Scenario A(1), respectively. The R indicator symbolized 

as R(A(0),θ(0)) and R(A(1)1-5,θ(0)) refers to the Stochastic Risk Indicator without accounting the relevant 

costs as shown in equations 19-21, 26-27, and 29-30, and describes the grade of the Stochastic Financial 

Risk Indicators R(A(0),Y(i)) and R(A(1)1-5,Y(i)), respectively.  

Moreover, a comparative evaluation of the Stochastic Financial Risk Indicators ∑R(A(1)1-5,Y(i)) and 

∑R(A(0),Y(i)), between all sub-cases of the Case Scenario A(1) and Case Scenario A(0), is occurred to 

calculate the Stochastic Financial Risk Assessment ratio symbolized as CBA Risk [A(1)1-5-A(0)] or CBA Risk 

[A(0)-A(1)1-5]. CBA Risk [A(1)1-5-A(0)] evaluates the sustainability grade of ∑R(A(1)1-5,Y(i)) against 

∑R(A(0),Y(i)), and via versa.     

Sections 8.3.1 to 8.3.3 present the results of the SRA calculated through the Mathcad software application, 

while a further analysis is provided. Table A19 summarizes all the SRA results, considering the 

corresponding R indicators R(A,Y(i)), R(A,θ(0)), and the CBA Risk Ratios. Table A20 shows the deviations 

between the results from SRA and CBA. Tables A21-A26 demonstrate the calculations of the Stochastic Risk 

Integrals using MathCad Software Application Version 10.0.1.0. 

8.3.1. Stochastic Financial Risk Assessment Results 

Figure 52 demonstrates the Stochastic Financial Risk indicators (including price values) for all the 

examined cases. It is essential to mention that sub-case A(1)4 refers to the highest risk conditions compared 

to all the other sub-cases of Case Scenario A(1) and Case Scenario A(0). Sub-case A(1)4 corresponds to the 

worst-case conditions, while despite investing in environmentally friendly procedures to manage tailings, 

the negative targeting is increasing annually due to unexpected circumstances (inefficient industrial unit, 

leachate detection, mishaps, etc.). In actual conditions, this sub-case cannot occur because the annual cost 

of maintenance aims to provide solutions and consecutive improvement of the equipment to be used to 

prevent inefficient circumstances systematically. It is accounted only to describe the stochastic financial 

risk in the maximum risky conditions of Case Scenario A(1) through an absolute theoretical mode of view.  
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Hence, considering the role of the sub-case A(1)4, it is observed that in actual conditions, Case Scenario A(0) 

corresponds to the highest stochastic financial risk estimated approximately at 8.6 m€/yr for a mining 

company that does not conform to the legal obligations of sustainable mining.  

Sub-case A(1)5 refers to actual conditions of maximum risk, whereas the stochastic financial risk equals 

approximately 5.3 m€/yr for a mining company adopting a potential level of non-conformance ranging 

from 0-25%. In this sub-case, the axiom is that the total efficiency level in sustainable mining practices is 

proportional to the total investment cost, which characterizes the quality of the equipment used. Therefore, 

considering that the total negative cost of investment is significantly greater than the corresponding 

negative cost of penalties, as calculated in accordance with legal obligations, a higher level of safety ensures 

the assessed grade of final sustainability.  

Sub-case A(1)3 refers to actual conditions of intermediate risk, whereas the stochastic financial risk equals 

approximately 4.2 m€/yr for a mining company adopting a potential level of non-conformance ranging 

from 0-25%. In this sub-case, the axiom is that the total efficiency level in sustainable mining practices is 

proportional to minimizing non-conformance grade. Therefore, considering that despite investing in 

tailings management, there is a risk of non-conformance limited to 25% due to unexpected conditions (such 

as mishaps, leachate detection, or inefficient recovery, etc.). The potential total stochastic financial risk 

indicator considers this additive stochastic negative risk cost. The SRA approach is based on the axiom that, 

despite conforming with a range of 75%, one annual non-conformance ranging from 0-25% is still expected 

to occur in stable adverse targeting conditions.  

Sub-case A(1)2 refers to actual conditions of low risk, whereas the stochastic financial risk equals 

approximately 1.9 m€/yr for a mining company adopting a potential level of non-conformance ranging 

from 0-25%. In this sub-case, the axiom is that the total efficiency level in sustainable mining practices is 

proportional to the detection probability of non-conformance during the audit control. So, considering that 

despite investing in tailings management, there is a risk of non-conformance limited to 25% due to 

unexpected conditions (mishaps, leachate detection, non-efficient recovery, etc.). The potential total 

stochastic financial risk indicator considers this additive stochastic negative risk cost. The SRA approach is 

based on the axiom that, despite conforming to a range of 75%, one annual non-conformance, ranging from 

0 to 25%, may occur in a consecutive increase of negative targeting conditions.  

Sub-case A(1)1 refers to actual conditions of extremely low risk, whereas the stochastic financial risk equals 

approximately 0.335 m€/yr for a mining company adopting a potential level of non-conformance ranging 

from 0 to 25%. In this sub-case, the axiom is that the total efficiency level in sustainable mining practices 

is proportional to the detection probability of non-conformance during the audit control. Therefore, 

considering that despite investing in tailings management, there is a risk of non-conformance limited to 

25% due to unexpected conditions (such as mishaps, leachate detection, or inefficient recovery, etc.). The 

potential total stochastic financial risk indicator considers this additive stochastic negative risk cost. The 

SRA approach is based on the axiom that, despite conforming to a range of 75%, one annual non-

conformance, ranging from 0 to 25%, may occur in stable negative targeting conditions.  
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Figure 52 Stochastic Financial Risk Indicators, including Cost Prices (€) for the Case Scenario A(0) and all sub-cases     
A(1)1-5 of the Case Scenario A(1) 

 

8.3.2. Stochastic Risk Assessment Results  

Figure 53 demonstrates the Stochastic Risk indicators configuring the stochastic financial risk monetary 

indices for all the cases examined, correlated with the corresponding total negative costs expressed by their 

total goal functions supported by CBA.  

It is essential to mention that sub-case A(1)4 refers to the highest risky conditions compared to all the other 

sub-cases of Case Scenario A(1) and Case Scenario A(0), which equaled approximately 3.94. As previously 

mentioned, sub-case A(1)4 corresponds to the worst-case conditions, while despite investing in 

environmentally friendly procedures to manage tailings, the negative targeting is increasing annually due 

to unexpected circumstances (inefficient industrial unit, leachate detection, mishaps, etc.). In actual 

conditions, this sub-case cannot occur. It is accounted only to describe the stochastic financial risk in the 

maximum risky conditions of Case Scenario A(1) through an absolute theoretical mode of view. Therefore, 

in this case, the stochastic risk indicator considers the degree of risk corresponding to the systematic 

increase of negative targeting while investing in tailings management and expecting at least one non-

conformance annually. 

Hence, considering the role of the sub-case A(1)4, it is observed that in actual conditions, Case Scenario A(0) 

corresponds to the highest stochastic risk estimated approximately at 1 for a mining company that does 
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not conform to the legal obligations of sustainable mining. In this case, the stochastic risk indicator 

considers the degree of risk that corresponds to the systematic increase of negative targeting, while the 

potential probability of non-conformance may occur at least one time per year. 

Sub-case A(1)5 refers to actual conditions of maximum risk, whereas the stochastic risk equals 

approximately 5 for a mining company adopting a potential level of non-conformance ranging from 0-25%. 

In this sub-case, the axiom is that the total efficiency level in sustainable mining practices is proportional 

to the total investment cost, which characterizes the quality of the equipment used. Therefore, considering 

that the total negative cost of investment is significantly greater than the corresponding negative cost of 

penalties, as calculated in accordance with legal obligations, a higher level of safety ensures the assessed 

grade of final sustainability. It is essential to mention that the stochastic risk indicator considers the annual 

decrease of negative targeting while the maximum additive cost is expected, which refers to at least one 

expected non-conformance per year.  

Sub-case A(1)3 refers to actual conditions of intermediate risk, whereas the stochastic risk equals 

approximately 0.54 for a mining company adopting a potential level of non-conformance ranging from 0 to 

25%. In this sub-case, the axiom is that the total efficiency level in sustainable mining practices is 

proportional to minimizing non-conformance grade. So, considering that despite investing in tailings 

management, there is a risk of non-conformance limited to 25% due to unexpected conditions (mishaps, 

leachate detection, non-efficient recovery, etc.). The potential total stochastic risk indicator considers this 

additive stochastic negative risk grade. The SRA approach is based on the axiom that, despite conforming 

with a range of 75%, one annual non-conformance ranging from 0-25% is still expected to occur in stable 

negative targeting conditions.  

Sub-case A(1)2 refers to actual conditions of low risk, whereas the stochastic risk equals approximately 0.3 

for a mining company adopting a potential level of non-conformance ranging from 0 to 25%. In this sub-

case, the axiom is that the total efficiency level in sustainable mining practices is proportional to the 

detection probability of non-conformance during the audit control. Therefore, considering that despite 

investing in tailings management, there is a risk of non-conformance, its probability is limited to 25% due 

to unexpected conditions (such as mishaps, leachate detection, or inefficient recovery, etc.). The potential 

total stochastic risk grade considers this additive stochastic negative risk index. The SRA approach is based 

on the axiom that, despite conforming to a range of 75%, one annual non-conformance, ranging from 0-

25%, may occur in a consecutive increase of adverse targeting conditions.  

Sub-case A(1)1 refers to actual conditions of extremely low risk, whereas the stochastic risk equals 

approximately 0.04 for a mining company adopting a potential level of non-conformance ranging from 0-

25%. In this sub-case, the axiom is that the total efficiency level in sustainable mining practices is 

proportional to the detection probability of non-conformance during the audit control. So, considering that 

despite investing in tailings management, there is a risk grade of non-conformance, its probability is limited 

to 25% due to unexpected conditions (mishaps, leachate detection, non-efficient recovery, etc.). The 

potential total stochastic risk grade considers this additive stochastic negative risk index. The SRA 

approach is based on the axiom that, despite conforming to a range of 75%, one annual non-conformance, 

ranging from 0 to 25%, may occur in stable adverse targeting conditions.  
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Figure 53 Stochastic Risk Indicators for the Case Scenario A(0) and all sub-cases A(1)1-5 of the Case Scenario A(1) that 
demonstrate the Grade of the corresponding Stochastic Financial Risk Assessment based on the Total Goal Functions 

Figure 54 illustrates the Stochastic Risk indicators that configure the stochastic financial risk monetary 

indices shown in Figure 52 for all examined cases, correlated with the corresponding negative costs 

expressed by the bases of their cost functions, as supported by the CBA.  
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Figure 54 Stochastic Risk Indicators for the Case Scenario A(0) and all sub-cases A(1)1-5 of the Case Scenario A(1) that 
demonstrate the Grade of the corresponding Stochastic Financial Risk Assessment based on the defined at-Risk Cost 
Functions 

8.3.3. Stochastic Financial Risk Assessment – Comparative Evaluation of SRA Indices between Case 

Scenario A(0) and Sub-cases of Case Scenario A(1) 

Considering the results through the SRA methodology analyzed in sections 8.3.1 and 8.3.2, shown in Table 

A19, the CBA Risk Ratio Matrix is created. This data provides a comparative evaluation of the stochastic 

financial risk grades that describe Case Scenario A(0) and all sub-cases of Case A(1). Figure 54 presents a 

graphical representation of the comparative evaluation for the degrees of stochastic financial risk, which 

describe the examined cases. 

As it is observed, Case Scenario A(0) adopts the highest grade of CBA Risk against all the sub-cases of Case 

Scenario A(1) except the sub-case A(1)4. Considering that sub-case A(1)4 corresponds to an absolute 

theoretical point of view without physical meaning in actual conditions, it is assessed that Case Scenario 

A(1) is more sustainable than Case Scenario A(0), as clearly shown in Figure 55, too. 
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Figure 55 Graphical Description of the CBA Risk Ratios’ Comparative Evaluation shown in Table A19 

Observing both Figures 55 and 56, it is assessed that sub-case A(1)5 refers to the maximum risky actual 

conditions of Case Scenario A(1). The sub-case A(1)3 corresponds to the intermediate risk category, while 

sub-cases A(1)2 and A(1)1 describe the low-risk actual circumstances in Case Scenario A(1). 

The physical meaning of this observation focuses on the separated axioms adopted by both CBA and SRA 

methodologies for risk grade detection. In sub-cases A(1)1-3 it is accounted the potential/expected additive 

negative cost due to a range of non-conformance (0-25%), following the legal terms and definitions, to the 

total investment cost. In sub-case A(1)5 the potential additive negative cost due to a range of expected non-

conformance (0-25%) that is proportional to the total investment cost, is accounted to estimate both the 

financial and stochastic risk. 
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Figure 56 Comparative Evaluation, supported by the Stochastic Financial Risk Cost Ratio, among the sub-cases A(1)1-5 of 
the Case Scenario A(1) with the Case Scenario A(0), illustrating their Grade of Efficiency 

8.4. Discussion 
This study examines how project and risk management in mining waste management can be enhanced 

using the CBA methodology and SRA Bayesian analysis, supported by applicable mathematical models.  

By following the legislative guidance on environmental protection, these norms extract the optimal 

business decision according to CBA’s requirements. Additionally, Stochastic Risk Analysis enhances the 

accuracy of CBA by evaluating the project’s overall efficiency. 

This calibration is achieved by the integrals shown in Sections 7.2 and 7.3. The correlation between the 

total CBA’s goal functions and the required weighting factor is described within the integral. This weighting 

factor is a Beta distribution. Due to the nature of work activities, the binomial distribution is configured as 

described in Sections 6.4.1 and 6.4.2. 

Case Scenario A(0) 

For the case scenario A(0), as shown in Figure 20, there are three different classes of Y(i) and the 

corresponding PDF(i) factors over the period of 30 years. This classification is displayed due to the 

implementation of legally mandatory obligations, and especially the increase of Σεεπi indicator due to 

negative targeting for consecutive non-conformance. The behavior of these two partial factors is a 

milestone for the configuration of the total potential negative goal function, which expresses the total 

potential negative cost.  
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Therefore, the annual escalation of the stable loss and goal functions shown in Figure 19 also adopts a 

classification mode of three different classes. Thus, as indicated in Figure 21, the final estimated costs for 

case scenario A(0) are 7.088 b€ over a period of 30 years. Considering the financial risk indicators (LTP, 

ERR, and CBA (B/C)) by CBA methodology, it is assessed that the point of inefficiency of the Case Scenario 

A(0) against sub-cases A(1)1-5 is observed by the 5th year of operation.  

Comparing the stochastic risk indicators between Case Scenario A(0) and sub-cases A(1)1-5 through SRA, it 

is observed that grade of the stochastic risk that describes Case Scenario A(0) adopts higher numerical 

values than all sub-cases of the Case Scenario A(1) except for the sub-case A(1)4 as shown in Table A19. 

Case Scenario A(1) 

For the case scenario A(1), five different sub-cases are taken into account. A summary of their results and 

physical meaning through a clear view of practical application on an industrial scale is provided below in 

this chapter. 

Sub-cases A(1)1-2 

Sub-cases A(1)1-2 focus on the false trial methodology considering that despite investing in tailings 

management providing legal conformance at least 75%, there is an additive risk of non-conformance 

ranging between (0-25%) due to potential detected environmental pollution during the audit control in 

mining sites of a start-up mining company. The sub-case A(1)1 examines the conditions of a potential 

detected environmental pollution in random locations inside the industrial field. Therefore, the negative 

targeting adopts stable numerical values during years of operation. The sub-case A(1)2 examines the 

conditions of potential detected environmental pollution in a specific location inside the industrial field. 

Therefore, the negative targeting adopts unstable numerical values that increase during the operating 

years. 

The total financial risks through CBA that refer to sub-case A(1)1 and A(1)2 are approximately 185 and 181 

m€ within the period of thirty years, respectively. The reason for this assessment is due to the potential 

widespread pollution in sub-case A(1)1 against the potential detected pollution in a specific position inside 

the industrial field described in sub-case A(1)2. Therefore, the potential additive negative cost, due to non-

conformance ranging from 0% to 25%, to the total investment cost is approximately 4.7 and 0.577 million 

euros for sub-cases A(1)1 and A(1)2, respectively.  

Comparing the assessed grade of sustainability in sub-case A(1)1 with the opposite scenario A(0), it is 

observed that  

➢ The LTP indicator is lower than the numerical value 1 by the 5th year of operation 

➢ The ERR indicator is positive by the 5th year of operation 

➢ The CBA (B/C) indicator is greater than the numerical value 1 by the 5th year of operation 

 

The obvious point of efficiency, comparing sub-case A(1)1 with Case A(0), is assessed by the 5th year of 

operation, as shown in Figure 35. Despite this, the theoretical point of efficiency is assessed by the first 

eighteen days after the third working year as discussed in section 8.2.3.1. 

Comparing the assessed grade of sustainability in sub-case A(1)2 with the opposite scenario A(0), it is 

observed that  

➢ The LTP indicator is lower than the numerical value 1 by the 4th year of operation 
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➢ The ERR indicator is positive by the 4th year of operation 

➢ The CBA (B/C) indicator is greater than the numerical value 1 by the 5th year of operation 

 

So, the apparent point of efficiency comparing sub-case A(1)2 with Case A(0) is assessed by the 5th year of 

operation, as shown in Figure 39. Despite this, the theoretical point of efficiency is assessed by the first 

eighteen days after the third working year, as declared in section 8.2.3.2. 

The total stochastic financial risks through SRA that refer to sub-case A(1)1 and A(1)2 are approximately 

0.335 and 1.9 m€ within the period of thirty years, respectively. The grades of the stochastic financial risks 

through SRA are 0.04 and 0.29 for the sub-cases A(1)1 and A(1)2, respectively. The grades of the stochastic 

financial risks through SRA based on the corresponding at-risk costs (expressed by the theoretical Loss 

Functions) equal approximately 1 and 5.12 for sub-cases A(1)1 and A(1)2, respectively. The reason for these 

stochastic assessment results is that in SRA, the examination of financial risk is provided by applicable 

mathematical tools through an absolute theoretical point of view, emphasizing mainly their numerical 

values and not in actual conditions as in CBA. 

Sub-cases A(1)3-4 

Sub-cases A(1)3-4 focus on the exponential methodology, considering that despite investing in tailings 

management providing legal conformance at least 75%, there is an additive risk of non-conformance 

ranging between (0-25%) due to expectedly detected environmental pollution during the audit control in 

mining sites of a start-up mining company. The sub-case A(1)3 examines the conditions of an expectedly 

detected environmental pollution in random locations inside the industrial field. Therefore, the negative 

targeting adopts stable numerical values during years of operation. The sub-case A(1)4 examines the 

conditions of expectedly detected environmental pollution in a specific location inside the industrial field. 

Therefore, the negative targeting adopts unstable numerical values that increase during the operating 

years. 

The total financial risks through CBA that refer to sub-case A(1)3 and A(1)4 are approximately 180.156 and 

180.157 m€ within the period of thirty years, respectively. The reason for this low deviation of 0.001 m€ 

is due to the expected environmental pollution in both sub-cases. So, the spread of environmental pollution 

has not been mainly evaluated. However, its occurrence affects the total financial risk even if is widespread 

or localized. So, the expectedly additive negative cost, due to non-conformance ranging from 0-25%, to the 

total investment cost is approximately 0.0925 and 0.0936 m€ for sub-cases A(1)3 and A(1)4, respectively. 

Comparing the assessed grade of sustainability in sub-case A(1)3 with the opposite scenario A(0), it is 

observed that  

➢ The LTP indicator is lower than numerical value 1 by the 5th year of operation 

➢ The ERR indicator is positive by the 5th year of operation 

➢ The CBA (B/C) indicator is greater than numerical value 1 by the 5th year of operation 

So, the obvious point of efficiency comparing sub-case A(1)3 with Case A(0) is assessed by the 5th year of 

operation, as shown in Figure 43. Despite this, the theoretical point of efficiency is assessed by the first 

eighteen days after the third working year as declared in chapter 8.2.3.3. 

Comparing the assessed grade of sustainability in sub-case A(1)4 with the opposite scenario A(0), it is 

observed that  

➢ The LTP indicator is lower than the numerical value 1 by the 5th year of operation 
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➢ The ERR indicator is positive by the 5th year of operation 

➢ The CBA (B/C) indicator is greater than the numerical value 1 by the 5th year of operation 

So, the obvious point of efficiency comparing sub-case A(1)4 with Case A(0) is assessed by the 5th year of 

operation, as shown in Figure 47. Despite this, the theoretical point of efficiency is assessed by the first 

eighteen days after the third working year, as presented in section 8.2.3.4. 

The total stochastic financial risks through SRA, as referred to in sub-case A(1)3 and A(1)4, are 

approximately 4.2 and 25.7 million euros, respectively, within a thirty-year period. The grades of the 

stochastic financial risks through SRA are 0.54 and 3.94 for the sub-cases A(1)3 and A(1)4, respectively. The 

grades of the stochastic financial risks through SRA based on the corresponding at-risk costs (expressed by 

the theoretical Loss Functions) equal approximately 11 and 69 for sub-cases A(1)3 and A(1)4, respectively. 

The reason for these stochastic assessment results is that in SRA, the examination of financial risk is 

provided by applicable mathematical tools through an absolute theoretical point of view, emphasizing 

mainly their numerical values and not in actual conditions as in CBA. So, despite that sub-case A(1)4 has no 

practical meaning because it could not occur in actual conditions as declared in 7.4.2 section, it is examined 

by SRA through a clear point of theoretical view. 

Sub-case A(1)5 

Sub-case A(1)5 focuses on the exponential methodology, considering that despite investing in tailings 

management providing legal conformance at least 75%, there is an additive risk of non-conformance 

ranging between (0-25%) due to expectedly detected environmental pollution during the audit control in 

mining sites of a start-up mining company. The sub-case A(1)5 examines the conditions of an expectedly 

detected environmental pollution and adopts the axiom that the expected additive cost for non-

conformance is proportional to the total investment cost that characterizes the efficiency of the tailings 

management system. Therefore, the negative targeting adopts a stable numerical value after the first year 

of operation. The sub-case A(1)5 examines the conditions of expectedly detected environmental pollution 

that decreases annually while investments in maintenance and processing are made consecutively during 

the operating years. 

The total financial risk through CBA that refers to sub-case A(1)5 is approximately 182.2 m€ within the 

period of thirty years. The expected additive negative cost, due to non-conformance, ranging from 0 to 25%, 

to the total investment cost is approximately 2.2 m€ for the first year of operation, 798 € for the second 

year, and by the third year, there is no detection of it. The practical significance of this lies in the probability 

of expected environmental pollution, which is dramatically decreasing, while funding a closed system of 

industrial units to prevent the free disposal of hazardous waste, in line with environmental legal 

obligations.  

Comparing the assessed grade of sustainability in sub-case A(1)5 with the opposite scenario A(0), it is 

observed that  

➢ The LTP indicator is lower than the numerical value 1 by the 5th year of operation 

➢ The ERR indicator is positive by the 5th year of operation 

➢ The CBA (B/C) indicator is greater than the numerical value 1 by the 5th year of operation 

The obvious point of efficiency, comparing sub-case A(1)5 with Case A(0), is assessed by the 5th year of 

operation, as shown in Figure 51. Despite this, the theoretical point of efficiency is assessed on the twenty-

first day after the third working year, as declared in section 8.2.3.5. 
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The total stochastic financial risk through SRA, as referred to in sub-case A(1)5, is approximately 5.2 million 

euros over a thirty-year period. The grade of the stochastic financial risks through SRA is 0.55. So, it is 

comparable with the corresponding grades of sub-cases A(1)1-3. The SRA grade of sub-case A(1)5 shows the 

highest numerical value among the sub-cases A(1)1-3 that refer to actual conditions. Hence, based on the 

SRA methodology, sub-case A(1)5 is characterized as the most risky sub-case scenario. Furthermore, the 

grade of the stochastic financial risk through SRA based on the corresponding at-risk cost (expressed by 

the theoretical Loss Function) equals approximately 5 for sub-case A(1)5. 

General Observations 

As a general observation, it is essential to mention that the stochastic supplementary econometric indicator 

IRR of the B/C ratio, calculated by the CBA overall analysis, is expected to be extremely high for all sub-

cases of the Case Scenario A(1) against the Case Scenario A(0). The main reason for this is the strict legal 

obligations regarding managing hazardous waste. Thus, the negative targeting for the case of consecutive 

non-conformance increases dramatically over the thirty-year forecast period. This leads to extremely high 

penalty costs in similar cases with Case Scenario A(0). Applied engineering, in line with the principles of 

sustainable development in the mining sector, necessitates consideration of relevant legislation, a 

comprehensive understanding of the technical parameters that impact the sustainability of similar 

projects, and an economic assessment of proposed mining waste management processes. The legal 

obligations for mining activities indirectly determine the necessity of tailings management to minimize 

potential environmental pollution hazards. The required technical parameters to achieve an efficient 

manner of tailings management, by cost savings due to fully legal conformance and utilizing the waste 

materials, are determined by the real industrial needs that refer to actual conditions (4) (23). The financial 

risk assessment continuously evaluates the sustainability of the suggested project to be funded (122) (54) 

(61).  

The current PhD dissertation focuses on the financial risk assessment of a proposed project to manage 150 

ktonnes of mining tailings annually. As mentioned in the 4.2 section, this tailings mass refers to the actual 

produced tailings mass. There are plenty of scientific results (as mentioned in section 3.2) ensuring a high 

rate of metal recovery efficiency (up to 95%) from mining tailings using the proportional concentration 

and mass of chemical reagents and catalysts, as in the proposed Case Scenario A(1), through a unique 

recovery step. Despite this, the proposed Case Scenario A(1) is scheduled by three major steps, each 

involving three separated stages of metal recovery. This guides to a cost overdesign that offers a high level 

of recovery efficiency assurance. As a result, there is a high safety factor in the cost assessment of the 

project.  

Hence, regarding the financial risk assessment through CBA Methodology, the innovation of the current 

study concerns the implementation of the CBA module considering the corresponding legal obligations and 

the costs of estimated technical parameters (primary installation cost for the fully autonomous equipment 

to be used, annual operational cost, cost of maintenance, and potential benefit by the utilization of 

recovered metal material), and the deterministic approach of the Probability Density Function for each 

examined case.  

Due to its ability to evaluate multiple parameters that may affect the total sustainability of each examined 

case and convert them into monetary terms, the indicative CBA appraisal tool provides an objectively 

accurate estimation of the total cost-effectiveness. The current scientific research gap focuses on the fact 

that, despite scientific results and suggested guidance regarding sustainable mining, implementing tailings 

management procedures, and the practical application of CBA to assess the efficiency point between 
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comparable case scenarios is still limited. Therefore, the presented methodology of CBA demonstrates how 

to assess the efficiency point of all sub-cases A(1)1-5 against Case Scenario A(0). It is very important to 

mention that sub-cases A(1)1, A(1)3, and A(1)4 refer to theoretical estimations that showed approximately 

the same grades of financial risks as the most practical sub-cases A(1)2 and A(1)5.  

The SRA methodology through Bayesian Analysis is applied to assess the cause of the estimated financial 

risks calculated by CBA that characterize each examined case. The risk indicators calculated through it 

demonstrate the rate of financial risk escalation and the degree of risk for non-conformance separately in 

each examined case. The SRA methodology is a well-known tool for risk estimation depending on each 

project’s conditions, contributing positively to decision-making. Still, the SRA methodology has been 

applied in many industrial projects, even from the internal corporation management departments or from 

the side of investors (120) (121). However, the SRA approach to assess the degree of financial risks that 

refer to proportional cases as A(0) and A(1) is very early, as the CBA stage needs to be developed to offer 

financial risk assessment in the mining sector. Moreover, the innovation of SRA in evaluating CBA results 

focuses on its application in actual conditions, converted into countable numerical values. 

The comparable results between CBA and SRA approaches, as shown in Table A20, demonstrate the 

necessity of SRA to offer a substantial financial risk assessment tool ultimately. It is observed that despite 

the financial risk assessment results from CBA showing approximately the same degree of financial riskfor 

all sub-cases of Case Scenario A(1), the SRA detects quite the same grades of stochastic financial risks for 

the sub-cases that refer to actual conditions, while showing deviation for the theoretical sub-cases of Case 

Scenario A(1). Therefore, the presented financial risk assessment tool, structured by CBA and SRA, could 

be applied in the sustainable mining sector to the corporate management department or adopted and 

developed by financial institutions that offer financial loans to mining companies. 

It is essential to mention that, from a spherical point of view, it is impossible to detect widespread 

environmental pollution while investing in procedures that prevent it. So, the sub-cases A(1)1 and A(1)3 

adopt a minor probability of occurrence. On the opposite side, the sub-case A(1)2, which refers to the 

potential detection of environmental pollution in a specific location inside the industrial unit field that 

manages tailings mass, is more probable to exist. Moreover, the most probable sub-case is sub-case A(1)5, 

whereas the expected additive cost of non-conformance decreases year by year as investment in tailings 

management optimization increases. These logical observations are verified through the deviations from 

the comparison of risk grades that were calculated by both CBA and SRA for all examined cases, as shown 

in Table A20.  

The financial estimation through CBA refers to the waste treatment and metal recovery by mining tailings 

whose annual mass is approximately 150 ktonnes. Therefore, Bayesian Analysis of SRA aligns the output 

of CBA’s functions. The latter ensures the superiority of Case Scenario A(1) against Case Scenario A(0), as 

demonstrated in the current study.  

One of the most important key factors for both approaches is the total probability of non-conformance θ(0). 

This factor is accordingly defined in terms of the natural conditions that describe each case examined. 

Despite investing in establishing a closed system of industrial units to treat mining tailings in terms of 4Rs, 

there is the risk of potential non-full compliance with mandatory requirements due to the probability of 

identified environmental pollution. This probability, expressed by θ(3), is the key factor for CBA and 

Stochastic Financial Risk Assessment of Case Scenario A(1). 

All the probabilities θ(1), θ(2), θ(3), and θ(4) have a significant role on both CBA and SRA for case scenarios 

A(0) and A(1). Based on the legislation’s requirements, the non-conformance does not refer only to the 
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identified environmental pollution. Total non-compliance refers to each general corporative policy 

according to a) systematic disposal of huge volumes of hazardous waste in ground soil and b) non-metal 

recovery in terms of the Circular Economy. 

In conclusion, considering the cost information gained by the final Economic Assessment presented in the 

Appendix for Case Scenario A(1) (Tables A6, A7), it is observed that the estimated annual Benefit Value 

(B.V.) from metal recovery equals approximately 46.7 % of the total investment cost (C.I.M. plus E.C. plus 

C.C.R.) for the first year of work. In addition, this estimated annual Benefit Value from metal recovery equals 

approximately 52.3 % of the total investment cost per year of work after the first one. This minor difference 

is due to the primary installation cost for the first year, while the corresponding cost for the following years 

is lower, expressed through the maintenance cost. 

One of the most important axioms is that the value of metals, despite their potential fluctuation, is always 

high, especially for precious metals and rare earth elements, due to their high level of conductivity. 

Investment in metal recovery faces the challenge of future risks regarding the potential lack of a metal 

supply chain. 
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9. Conclusions 

9.1. Summary of Research Findings 
The key findings of this research highlight the techno-economic indicators that describe the level of 

economic sustainability for the examined cases, specifically regarding tailings management for a new start-

up mining company. At the same time, the financial risk indicators calculated through the CBA methodology 

are cross-examined with the corresponding indicators calculated by the SRA approach. 

The overall analysis focuses on identifying sustainable mining procedures that should be implemented to 

prevent environmental pollution hazards associated with mining activities. The criterion that characterizes 

the grade of sustainability of the environmentally friendly mining procedures is the financial risk indicators 

exported by both CBA-SRA.  

To address the environmental challenges analyzed in Sections 1 and 2, which are caused by mining 

activities (described in Case Scenario A(0)), establishing a closed system of industrial units involving fully 

autonomous equipment with buffer tanks connected by a pipeline system is necessary. As described by 

Case Scenario A(1), this work layout prevents the free disposal of hazardous waste, implying the legal 

obligations that support the circular economy policy and environmental protection while offering benefits 

to a mining company that adopts its mechanism. 

Mechanism of Case Scenario A(1) as described in section 5, considers the stereochemical engineering 

properties of metal cations to bind with non-metal acidic complex anions chemically. When this 

phenomenon occurs in the ground soil area (Case A(0)), it leads to the production of chemical salts, which 

are used to precipitate in the downstream area of the aquifer zone. On the other hand, when this 

phenomenon occurs under controlled conditions, within a closed system of industrial units as proposed in 

Case A(1), the produced chemical salts are purified using metal materials that sink to the bottom of buffer 

tanks.  

Processing of Case Scenario A(1) refers to an expansion of existing practices that focus on tailings 

management, particularly metal recovery. The mass of chemical reagents, energy consumption, and 

dimensions of the equipment used are proportional to the estimated mass of tailings to be managed. All 

these technical parameters have a significant role in the techno-economic assessment of this project. 

The primary techno-economic assessment, as presented in section 6, evaluates the estimated negative costs 

for both examined cases A(0) and A(1). The total negative cost of Case A(0) refers to the configured penalty 

costs that could be charged to a start-up mining company that does not conform to the mandatory legal 

obligations of the mining industry. The total negative cost of Case A(1) refers to the configured total cost of 

investment in conforming with the legal obligations by establishing a closed industrial unit system that 

could manage the produced tailings mass, accounting for the estimated benefit of the recovered metal 

mixture. Results of this primary economic analysis-assessment guide to an insufficient economic forecast 

for a future mining company’s life cycle period. Therefore, the CBA methodology is applied following the 

terms and definitions of Circular Economy and environmental sustainability to estimate the total financial 

risk of both Cases A(0) and A(1).    

The CBA methodology aims to assess the economic sustainability grade of each case scenario, providing an 

accurate comparative estimate among them. The legal obligations regarding non-conformance with 

environmental protection requirements determinably configure financial risk, which refers to Case 

Scenario A(0). However, financial risk, referring to Case Scenario A(1), is not absolutely configured by the 

determined investment cost. The main reason for this is that despite investing in establishing a closed 
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industrial unit system to manage tailings, there are potential or expected risks of non-conformance that 

may be caused by equipment misshaping or inefficiency. Therefore, sub-cases A(1)1-4 are examined through 

CBA to estimate the additive cost (based on the configuration of penalty costs according to the legal 

obligations) to the stable annual investment cost due to non-conformance, ranging from 0 to 25%. 

Moreover, sub-case A(1)5 refers to the estimation of the expected additive cost due to non-conformance, 

ranging from 0-25%, which is proportional to the total investment cost that characterizes the quality of 

technical equipment.  

The overall analysis provided by CBA showed that the financial risk for all sub-cases of Case A(1) is 

significantly lower than the corresponding financial risk of Case A(0) over a thirty-year period. Moreover, 

the point of efficiency for all the sub-cases of Case A(1) against Case A(0) is assessed by the fifth operational 

year. Comparing Case Scenario A(0) separately with each sub-case of Case Scenario A(1) shows that its LTP 

indicator increases annually in a consecutive manner. Furthermore, the CBA indicators (B/C, and ERR) are 

used to decrease and adopt very low numerical values, which verify the inefficiency of Case A(0) compared 

with Case A(1). Observing the results of CBA, while considering that the actual year of efficiency for case 

A(1) against case A(0) is indirectly defined by the legal obligations, it is practically assessed that the fifth 

working year refers to the actual efficiency point of all sub-cases of case A(1) against case A(0). Despite 

that, the theoretical efficiency point of Case A(1) to Case A(0) is assessed by the third year of work, as 

mentioned in section 8.2.3. 

The financial engineering tool that decodes the grades of financial risk through CBA is SRA. The stochastic 

Risk Indicator R, calculated by SRA, is crucial for detecting the grade of sustainability risk for each similar 

project. The Risk Indicator of each case is calculated by the producing function of the separately defined 

Total Goal Function that describes each examined case multiplied by the Beta Function. In the current 

study, examining 30 years for both cases, the assessed ratio between grades of risks (R(A(0))/R(A(1))) 

ranges from 4.6 to 4.8. For the administration of a mining company, non-legal compliance with 

environmental legislation, as in case A(0), leads to an increase in risk grade of 4.6-4.8. This also corresponds 

to an increase in the risk of the sustainability grade of 4.6-4.8 times. This means that the R indicator verifies 

the estimated sustainability grade of the financial risk calculated by CBA, which describes case A(1) against 

case A(0), including low deviation. So, the increase in financial risk expressed through the Goal Function is 

due to the behavior of the Risk indicators R(A(0),θ(0)) and R(A(1)2,5,θ(0)).  

Considering the Stochastic Financial Risk Indicators R(A(0),Y(i)) and R(A(1)2,5,Y(i)), which include the 

corresponding degree of risks R(A(0),θ(0)) and R(A(1)2,5,θ(0)) and monetary variables, is assessed that the 

more sustainable business decision refers to the case A(1) against case A(0). Therefore, as an extension of 

this work, it is proposed to identify how the density of the Risk Indicator affects the escalation of the 

Financial Risk, as expressed through the Goal Function in each case separately. 

From a practical mining engineering perspective, the study shows that case scenario A(1) is both 

economically and technically sustainable. In contrast, case scenario A(0) carries high risks and is not a 

sound business decision. Legal conformance guides to lower financial risks while indirectly offering a high 

benefit rate. 
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9.2. Contribution to the Advancement of Science and  Industrial Applications 
From a mining engineering perspective, the current study's practical application focuses on the financial 

risk assessment, supported by CBA-SRA, to assess the point of efficiency of the proposed case A(1) against 

case A(0) in actual industrial conditions. The practical application of CBA-SRA in the mining industry 

focuses on presenting the framework for assessing the degree of economic sustainability for the optimal 

business decision related to tailings management.  

Each start-up mining company should objectively compare the potential scenarios of business growth, 

considering the total negative costs expressed by customized goal functions through CBA that affect the 

CBA indicators (LTP, ERR, and CBA index). Moreover, to identify the efficiency rate, the relevant risk 

indicators (R(A,Y), R(A,θ(0)), CBA Risk Ratios) are calculated using the SRA approach. 

All mining companies should fully comply with the operational legal obligations, considering the 

corresponding investment cost, to eliminate potential environmental pollution risks. So, the role of 

financial risk engineering supported by CBA-SRA is valuable, mainly when this risk analysis assessment is 

applied before the on-site operation of the mining activities. The combination of CBA-SRA provides a 

financial engineering tool applicable to mining companies to assess potential investment plans and for 

financial institutions to determine their funding policy. 

This financial engineering tool supports financial engineering solutions from both points of view: a) 

internal financial analysts/business consultants of a mining company and b) techno-economic analysts in 

bank institutions that aim to fund projects of sustainable development respecting the principles of Circular 

Economy.  

Based on the axiom that as the applied science level rises in management, everything is evaluated 

economically in monetary terms, the presented financial engineering risk analysis tool, structured by CBA-

SRA, could be implemented from both the internal corporation management sector of mining companies 

or funds that support them. Moreover, the innovative approach of SRA, verifying the deterministic CBA 

results showing extremely low deviation while separating the theoretical approaches from those that refer 

to actual conditions, should be developed to be practically applied to additional industrial sectors.  

The development of SRA, considering its frequency of occurrence and its impact on the corresponding 

techno-economic assessments in other projects, is a crucial factor that needs further research. As a concept 

of teaching, especially in applied engineering sectors, project, and risk management by applying the 

engineering risk analysis tool of CBA-SRA is an indicative subject of science that offers professional 

education to new scientists (especially engineers and economists) to maximize their managerial skills. 

9.3. Limitations of the Study 
From the financial engineering perspective, the technical and physical parameters that refer to actual 

conditions are considered by CBA to provide the financial risk assessment. However, to cross-validate the 

CBA results, the SRA is applied. SRA calculates the stochastic risk indicators that describe each examined 

case, applying the methodology of Bayesian analysis. The R indicators describe the detection of risks. The 

stochastic financial risks describe the risk rates expressed in monetary terms. The stochastic risk grades 

express the grade that configures the stochastic financial risk rates. The CBA Risk Ratios indices configure 

the risk matrix correlated between all the examined conditions’ total stochastic financial risk assessment.  

As shown in section 7, the stochastic risk integral tools are implemented to calculate the stochastic risk 

indices. This mechanism detects the potential risk numerical values for the generating function of the 

separately defined goal functions about each examined condition, with the Beta distribution. The integral, 
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including only the variable of θ(0), detects the stochastic risk grade R(A,θ(0)). The stochastic financial risk is 

assessed in monetary terms by multiplying this grade with the corresponding negative cost. Based on the 

SRA, all sub-cases, except for A(1)4, of Case A(1) show lower stochastic financial risk indices and grades of 

risk than Case A(0). As mentioned in section 8.5, this occurs because sub-case A(1)4 could not refer to actual 

conditions. Investing annually in maintenance for the used equipment while expecting a misshaping or 

inefficient metal recovery process is impossible. 

Considering the risk matrix results shown in Table A19 expressed by the CBA Risk Ratios between all 

examined conditions, it is observed that Case Scenario A(0) adopts the highest risk indices than all the other 

sub-cases of Case A(1), except A(1)4. Sub-Case A(1)1 adopts the minimum risk ratios of all the other sub-

cases of Case A(1). Sub-Case A(1)2 adopts the minimum risk ratios than sub-cases A(1)3-5 of Case A(1) and 

Case A(0) while showing higher risk than sub-case A(1)1. Sub-Case A(1)3 adopts lower risk ratios than sub-

cases A(1)4-5 of Case A(1) and Case A(0) while showing higher risk than sub-case A(1)2 and much higher 

than sub-case A(1)1. Sub-case A(1)4, shows the highest risk indicator of all the other conditions due to its 

clearly theoretical occurrence. Sub-case A(1)5 adopts higher risk than sub-cases A(1)1-3 and lower risk than 

sub-case A(1)4 and Case A(0). The risk matrix from SRA is an adaptable tool that detects the sustainability 

grade for all examined conditions, accounting for their physical meaning in actual conditions.  

Considering the CBA Risk Ratio matrix in Table A19 and the deviations between the results of the two 

approaches CBA-SRA, it is observed that : 

➢ the estimated degree of risk for Case Scenario A(0) equals approximately 23-24.43 

➢ the estimated degree of risk for the sub-case A(1)2 equals approximately 5.12-5.68 

➢ the estimated degree of risk for the sub-case A(1)5 equals approximately 5-5.45 

➢ despite sub-case A(1)2 showing lower risk indicators than sub-case A(1)5, the last one shows a higher 

CBA Risk ratio than the first. The reason for this focuses on the practical meaning of the axiom that the 

expected at-risk cost is proportional to the investment cost (much greater than the corresponding negative 

cost of penalties), which indirectly characterizes the quality and efficiency of the technical equipment.  

➢ The more reliable sub-case of Case Scenario A(1) is sub-case A(1)5 due to its lowest deviation of 

results among CBA-SRA. 

➢ The second reliable sub-case of Case Scenario A(1) is sub-case A(1)2 due to its lowest deviation of 

results among CBA-SRA. 

➢ sub-cases A(1)1 and A(1)3 show a high level of deviation in the results by CBA-SRA. This verifies that 

these two sub-cases do not correspond to actual industrial conditions. These sub-cases refer to widespread 

environmental pollution risks, while a closed system of industrial units is established to prevent random 

pollution hazards at the mining site. Hence, they are evaluated clearly from a hypothetical point of view. 

➢ Case Scenario A(1) risk equals approximately 5, while the opposite Case Scenario A(0) risk equals 

approximately 23. 

➢ Cross-validation of CBA–SRA identifies the most reliable challenges by converting actual conditions 

into monetary or numerical values. 

Therefore, the most probable sub-cases of Case Scenario A(1) are the sub-cases A(1)2 and A(1)5. The reason 

focuses on the impossibility of widespread detected environmental pollution in random locations when 

investing in a closed system of industrial units to optimize the tailings management procedures. Moreover, 

based on this, it is impossible to expect a consecutive rate of additive penalty costs as in sub-case A(1)4.  

On the opposite side, it is expected to potentially detect environmental pollution due to the misshaping of 

the equipment or any leachates in a specific location inside the established industrial units of tailings 
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management as in sub-case A(1)2. Furthermore, despite investing in tailings waste management, it is 

expected to detect any risks of environmental pollution that guide to non-conformance at a maximum range 

of 25% by the primary year of the newly established unit. While investing in its maintenance for 

consecutive years, the risk probability of expected environmental pollution is supposed to be decreased, as 

in sub-case A(1)5.  

Therefore, the alignment of CBA results by SRA, leads to a full compact assessment that detects the grade 

of sustainability of each examined case or sub-case. The CBA and SRA results for Case A(0) and sub-cases 

A(1)2 and A(1)5 show very low deviation. Hence, this verifies that Case Scenario A(0) adopts the highest 

risk grade, approximately equal to 23-24. At the same time, both sub-cases A(1)2 and A(1)5 adopt quite the 

same risk grade, approximately equal to 5. 
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9.4. Future Decisions in Mining Waste Management: Adhering to the Circular 

Economy Principles 
The results show that investing in environmental safety procedures in tailings management (case A(1)) is 

financially more sustainable than paying penalties for non-compliance, as in cases of conventional tailings 

management (case A(0)). The study also demonstrates that metal recovery can be implemented on an 

industrial scale, offering a high grade of ERR and a low grade of LTP despite the proposed tailings 

reprocessing plan being costly and dimensionally overdesign. This results in a positive financial return for 

each mining company while adhering to Circular Economy Principles.  

As entirely shown, following the legal obligations, it is more sustainable to invest in implementing the 

principles of 4Rs even if there is a financial risk of additional cost due to a potentially low rate of non-full 

conformance than accepting the penalty costs due to non-investing in waste management, adopting a high 

rate of non-conformance with environmental protective requirements. It is also observed that non-

conformance terminology does not refer entirely to the detected environmental pollution. Non-

conformance refers to all the obliged criteria, including the criterion of environmental pollution. The 

criteria that a mining company must comply with, in addition to hazard elimination of environmental 

pollution, include the following. 

➢ Minimize their produced waste. 

➢ Do not dispose of them in the ground soil layers. This is because even if they are geological fraction 

sublayers or geomembranes to the bottom of a tailings disposal site, there is an acidic leachate risk through 

them that causes acid drainage. At the same time, there is no chance for metal recovery. 

➢ Implement recovery processes to recycle the beneficial materials before their final disposal. 

This PhD dissertation proposed a costly and dimensionally overdesign tailings reprocessing project that 

was financially assessed and compared with the best-case conditions of conventional tailings management 

processes. The results of the combined assessment through the two approaches demonstrated that, 

although the innovative methodology of tailings reprocessing is characterized as high-cost, it remains more 

economically sustainable than the conventional method of tailings disposal for backfilling or stonewalling. 

This happens because of the incomplete chain of the Circular Economy’s principles due to the lack of waste 

reduction, recovery, and recycling.  

In conclusion, the mining industry should adopt the Circular Economy philosophy by calculating the cost 

of tailings management to recover contained metals when requesting financial loans to develop or primary 

establish. The physical phenomenon of acid drainage is caused by thickening at the tailings disposal site. 

To avoid this, each mining company should thicken the produced tailings from mining activities under 

controlled conditions through a closed system of unit plants, respecting the guidance of sustainable mining. 

This approach, similar to many other cases, can achieve a high rate of efficient metal recovery. Transitioning 

to sustainable mining will minimize supply risks in metals by 2050. The consecutive development of 

sustainable mining processes increases the life cycle of mining activities. Further research and 

development are needed to adopt these, focusing on applicable methodologies that optimize the tailings 

reprocessing. Simultaneously, proportional research and development to optimize the engineering risk 

analysis tool structured by CBA-SRA are needed to evaluate the sustainability grade for those optimized 

techniques between each other economically to select the most appropriate business decision.  
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Appendix 

 

Table A 1  Configuration of the Penalty Cost for Non-Compliance during the five first consecutive operating years considering the Greek Legislations (64) that are implied with the 
legal Obligations declared by the European Directives (9) (10)  

Years 
Annual Y(i)  

Factor 

Base of 
Penalty 

Cost 
ΣΕΑΕ ΣB 

Σεεπ 1              
History of Non-

Compliance 

Σεεπ 2 
Cooperation 
during Audit 

Control 

Σεεπ 3 
Cooperation after 

Audit Control 

Σεεπ 4  
Intention on 
immediate 

financial gains 

Σεεπ 5       
Total Compliance 

behavior after Audit 
Control 

(Implementation of 
alternative 

procedures) 

Σεεπ 6 
Public 

Profitability 

Σεεπ 7            
Social 

Profitability 
Total Σεεπ EP or K(i) 

SUM EP or 
K(i) 

A/A Y(i) B ΣΕΑΕ ΣB Σεεπ1 Σεεπ2 Σεεπ3 Σεεπ4 Σεεπ5 Σεεπ6 Σεεπ7 
0.4≤Σεεπ≤1.5 

(M(i)≤4) 

Total  
Σεεπ 

(1st-5th) 
€ € 

1 
Σεεπ(1st)

Σεεπ(1st)
 

 
1 

12,000 3 26 0.8 0.90 0.60 1.10 0.90 0.90 0.90 0.35 0.40 374,400 374,400 

2 
Σεεπ(2nd) 

Σεεπ(1st)
 

 
3.27 

12,000 3 26 1.2 0.90 1 1.10 1.10 1.00 1.00 1.31 1.31 1,223,164 1,597,564 

3 
Σεεπ(3rd) 

Σεεπ(1st)
 

 
3.27 

12,000 3 26 1.2 0.90 1 .1.10 1.10 1.00 1.00 1.31 1.31 1,223,164 2,820,729 

4 
Σεεπ(4th)

Σεεπ(1st)
 

 
3.27 

 
12,000 3 26 1.2 0.90 1 1.10 1.10 1.00 1.00 1.31 1.31 1,223,164 4,043,894 

5 
Σεεπ(5th)

Σεεπ(1st)
 

 
8.17 

12,000 3 26 3 0.90 1 1.10 1.10 1.00 1.00 3.27 3.27 3,057,912 7,101,806 
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Table A 2 Economic Assessment through CBA in Case Scenario A(0). Period of 30 Years 

Years 
Y(i) Index 
per Year  

Theoretical 
Estimated 
Numerical 
Value for 

Y(i) Index  

Numerical 
Value for 

Probability 
Density 

Function  

Number 
of 

Minimum 
Audit 

Control 
Sites per 

Year 

Number 
of Sum 
Audit 

Control 
Sites 

Minimum 
Probability of 

Non-
Conformance 

with 
Environmental 

Protection 
Requirements 

C=Β*ΣΒ*ΣΕΑΕ 
Total 
Σεεπ 

Σεεπi 

Primary 
Negative 

Cost 
K(i)  

Configurati
on of the 

Loss 
Function 

K(1)*[Y(i)]2 

Configuration of 
the Goal 
Function 

K(1)*[Y(i)]2*f(Y)
€ 

Sum of Penalty 
Cost for  

Non-Compliance 
Scenario A(0) 

(i) Y(i) E[Y] f(Y) Nj Ni θ(0) C 
Total 
Σεεπ 

Σεεπi 
Ratio 

K(i)  
€ 

L(A(0).Y) 
€ 

G(A(0).θ(0)) 
€ 

SUM G(A(0).θ(0)) 
€ 

1 1.00 3.21 0.0247 4 4 
0.75 

ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 

936,000 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 

0.40 1.00 374,400.00 374,400.00 9,258.53 9,258.53 
2 3.27 

ʺ 
ʺ 

6.42 1.5714 
ʺ 
ʺ 

4 8 1.31 
ʺ 
ʺ 

3.27 
ʺ 
ʺ 

1,223,164 
ʺ 
ʺ 

3,996,079 
ʺ 
ʺ 

6,063,793 
ʺ 
ʺ 

6,073,052.20 
3 9.63 4 12 12,136,845.87 
4 12.84 4 16 18,200,639.55 
5 8.17 

ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 

16.05 10.88 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 

4 20 3.27 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 

8.17 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 

3,057,912 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 

24,975,496 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 

271,948,168 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 

290,148,808.13 
6 19.26 4 24 562,096,976.72 
7 22.47 4 28 834,045,145.31 
8 25.68 4 32 1,105,993,313.90 
9 28.89 4 36 1,377,941,482.49 

10 32.1 4 40 1,649,889,651.08 
11 35.31 4 44 1,921,837,819.67 
12 38.52 4 48 2,193,785,988.26 
13 41.73 4 52 2,465,734,156.85 
14 44.94 4 56 2,737,682,325.44 
15 48.15 4 60 3,009,630,494.02 
16 51.36 4 64 3,281,578,662.61 
17 54.57 4 68 3,553,526,831.20 
18 57.78 4 72 3,825,474,999.79 
19 60.99 4 76 4,097,423,168.38 
20 64.2 4 80 4,369,371,336.97 
21 67.41 4 84 4,641,319,505.56 
22 70.62 4 88 4,913,267,674.15 
23 73.83 4 92 5,185,215,842.74 
24 77.04 4 96 5,457,164,011.32 
25 80.25 4 100 5,729,112,179.91 
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Years 
Y(i) Index 
per Year  

Theoretical 
Estimated 
Numerical 
Value for 

Y(i) Index  

Numerical 
Value for 

Probability 
Density 

Function  

Number 
of 

Minimum 
Audit 

Control 
Sites per 

Year 

Number 
of Sum 
Audit 

Control 
Sites 

Minimum 
Probability of 

Non-
Conformance 

with 
Environmental 

Protection 
Requirements 

C=Β*ΣΒ*ΣΕΑΕ 
Total 
Σεεπ 

Σεεπi 

Primary 
Negative 

Cost 
K(i)  

Configurati
on of the 

Loss 
Function 

K(1)*[Y(i)]2 

Configuration of 
the Goal 
Function 

K(1)*[Y(i)]2*f(Y)
€ 

Sum of Penalty 
Cost for  

Non-Compliance 
Scenario A(0) 

(i) Y(i) E[Y] f(Y) Nj Ni θ(0) C 
Total 
Σεεπ 

Σεεπi 
Ratio 

K(i)  
€ 

L(A(0).Y) 
€ 

G(A(0).θ(0)) 
€ 

SUM G(A(0).θ(0)) 
€ 

26 ʺ 
ʺ 
ʺ 
ʺ 
ʺ 

83.46 ʺ 
ʺ 
ʺ 
ʺ 
ʺ 

4 104 ʺ 
ʺ 
ʺ 
ʺ 
ʺ 
ʺ 

ʺ 
ʺ 
ʺ 
ʺ 
ʺ 

ʺ 
ʺ 
ʺ 
ʺ 
ʺ 

ʺ 
ʺ 
ʺ 
ʺ 
ʺ 

ʺ 
ʺ 
ʺ 
ʺ 
ʺ 

ʺ 
ʺ 
ʺ 
ʺ 
ʺ 

ʺ 
ʺ 
ʺ 
ʺ 
ʺ 

6,001,060,348.50 
27 86.67 4 108 6,273,008,517.09 
28 89.88 4 112 6,544,956,685.68 
29 93.09 4 116 6,816,904,854.27 

30 96.3 4 120 7,088,853,022.86 

 

Table A 3 Estimated Metal Mass into the Tailings and their Price Values’ Fluctuation (118) (153) 

 

Years 

2021 2022 2023 2024 2025 2026 

Base Value      

Annual Metals 
Mass      (kg) 

 
$/ Kg 

$ 
$/ kg 

(+50%) 
$ $/ kg (+33%) $ $/ kg (+67%) $ $/ kg (+0%) $ 

$/ kg 
(+83%) 

$ 

   
B

as
e 

&
 P

re
ci

o
u

s 
M

et
al

s 
 

Ba - 0 0 0 0 0 0 0 0 0 0 0 0 

Cd - 0 0 0 0 0 0 0 0 0 0 0 0 

Cu 58 6 348 9 522 8 470 10 581 6 348 11 637 
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Years 

2021 2022 2023 2024 2025 2026 

Base Value      

Annual Metals 
Mass      (kg) 

 
$/ Kg 

$ 
$/ kg 

(+50%) 
$ $/ kg (+33%) $ $/ kg (+67%) $ $/ kg (+0%) $ 

$/ kg 
(+83%) 

$ 

Mo 30 32 960 48 1,440 43 1,296 53 1,603 32 960 59 1,757 

Ni 25 14 350 21 525 19 473 23 585 14 350 26 641 

Pb 32 3 96 5 144 4 130 5 160 3 96 5 176 

Sb 192 13 2,496 20 3,744 18 3,370 22 4,168 13 2,496 24 4,568 

Se 3 50 150 75 225 68 203 84 251 50 150 92 275 

Zn 578 3 1,734 5 2,601 4 2,341 5 2,896 3 1,734 5 3,173 

Ag 35 808 28,281 1,212 42,422 1,091 38,179 1,349 47,229 808 28,281 1,479 51,754 

Au 4 65,000 260,000 97,500 390,000 87,750 351,000 108,550 434,200 65,000 260,000 118,950 475,800 

Pd 30 48,000 
1,440,00

0 
72,000 2,160,000 64,800 1,944,000 80,160 2,404,800 48,000 1,440,000 87,840 2,635,200 

Pt 32 35,000 1,120,000 52,500 1,680,000 47,250 1,512,000 58,450 1,870,400 35,000 1,120,000 64,050 2,049,600 

   
   

   
   

   
   

   
   

  
R

E
E

s 

La 36 1 36 2 54 1 49 2 60 1 36 2 66 

Ce 152 6 912 9 1,368 8 1,231 10 1,523 6 912 11 1,669 
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Years 

2021 2022 2023 2024 2025 2026 

Base Value      

Annual Metals 
Mass      (kg) 

 
$/ Kg 

$ 
$/ kg 

(+50%) 
$ $/ kg (+33%) $ $/ kg (+67%) $ $/ kg (+0%) $ 

$/ kg 
(+83%) 

$ 

Pr 37 55 2,035 83 3,053 74 2,747 92 3,398 55 2,035 101 3,724 

Nd 301 77 23,177 116 34,766 104 31,289 129 38,706 77 23,177 141 42,414 

Sm 9 1,771 15,939 2,657 23,909 2,391 21,518 2,958 26,618 1,771 15,939 3,241 29,168 

Eu 288 33 9,504 50 14,256 45 12,830 55 15,872 33 9,504 60 17,392 

Gd 290 27 7,830 41 11,745 36 10,571 45 13,076 27 7,830 49 14,329 

Ho 3 59 177 89 266 80 239 99 296 59 177 108 324 

Y 0 31 0 47 0 42 0 52 0 31 0 57 0 

Er 5 25 125 38 188 34 169 42 209 25 125 46 229 

Tm 2 1 2 2 3 1 3 2 3 1 2 2 4 

Yb 8 16 128 24 192 22 173 27 214 16 128 29 234 

Lu 2 610 1,220 915 1,830 824 1,647 1,019 2,037 610 1,220 1,116 2,233 
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Years 

2021 2022 2023 2024 2025 2026 

Base Value      

Annual Metals 
Mass      (kg) 

 
$/ Kg 

$ 
$/ kg 

(+50%) 
$ $/ kg (+33%) $ $/ kg (+67%) $ $/ kg (+0%) $ 

$/ kg 
(+83%) 

$ 

Annual Benefit Value ($) 2,915,500 4,373,250 3,935,925 4,868,885 2,915,500 5,335,365 
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Table A 4 Estimated Metal Mass into the Tailings and their Price Values’ Fluctuation (118) (153) 

 

Years 

2021 2027 2028 2029 2030 2031 
 

2032 

Base Value       

Annual 
Metals Mass      

(kg) 

 
$/ Kg 

$ 
$/ kg 

(+66%) 
$ 

$/ kg 
(+100%) 

$ 
$/ kg 

(130%) 
$ 

$/ kg 
(130%) 

$ 
$/ kg 

(+16,6%) 
$ 

$/ kg 
(+150%) 

 
 
 
 

$ 

   
   

   
   

 B
as

e 
&

 P
re

ci
o

u
s 

M
et

al
s  

Ba - 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

Cd - 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

Cu 58 6 348 10 578 12 696 14 800 14 800 7 406 15 870 

Mo 30 32 960 53 1,594 64 1,920 74 2,208 74 2,208 37 1,119 80 2,400 

Ni 25 14 350 23 581 28 700 32 805 32 805 16 408 35 875 

Pb 32 3 96 5 159 6 192 7 221 7 221 3 112 8 240 

Sb 192 13 2,496 22 4,143 26 4,992 30 5,741 30 5,741 15 2,910 33 6,240 

Se 3 50 150 83 249 100 300 115 345 115 345 58 175 125 375 

Zn 578 3 1,734 5 2,878 6 3,468 7 3,988 7 3,988 3 2,022 8 4,335 
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Years 

2021 2027 2028 2029 2030 2031 
 

2032 

Base Value       

Annual 
Metals Mass      

(kg) 

 
$/ Kg 

$ 
$/ kg 

(+66%) 
$ 

$/ kg 
(+100%) 

$ 
$/ kg 

(130%) 
$ 

$/ kg 
(130%) 

$ 
$/ kg 

(+16,6%) 
$ 

$/ kg 
(+150%) 

 
 
 
 

$ 

Ag 35 808 28,281 1,341 46,947 1,616 56,562 1,858 65,046 1,858 65,046 942 32,976 2,020 70,703 

Au 4 65,000 260,000 107,900 431,600 130,000 520,000 149,500 598,000 149,500 598,000 75,790 303,160 162,500 650,000 

Pd 30 48,000 1,440,000 79,680 2,390,400 96,000 2,880,000 110,400 3,312,000 110,400 3,312,000 55,968 1,679,040 120,000 3,600,000 

Pt 32 35,000 1,120,000 58,100 1,859,200 70,000 2,240,000 80,500 2,576,000 80,500 2,576,000 40,810 1,305,920 87,500 2,800,000 

   
 R

E
E

s 

La 36 1 36 2 60 2 72 2 83 2 83 1 42 3 90 

Ce 152 6 912 10 1,514 12 1,824 14 2,098 14 2,098 7 1,063 15 2,280 

Pr 37 55 2,035 91 3,378 110 4,070 127 4,681 127 4,681 64 2,373 138 5,088 

Nd 301 77 23,177 128 38,474 154 46,354 177 53,307 177 53,307 90 27,024 193 57,943 

Sm 9 1,771 15,939 2,940 26,459 3,542 31,878 4,073 36,660 4,073 36,660 2,065 18,585 4,428 39,848 
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Years 

2021 2027 2028 2029 2030 2031 
 

2032 

Base Value       

Annual 
Metals Mass      

(kg) 

 
$/ Kg 

$ 
$/ kg 

(+66%) 
$ 

$/ kg 
(+100%) 

$ 
$/ kg 

(130%) 
$ 

$/ kg 
(130%) 

$ 
$/ kg 

(+16,6%) 
$ 

$/ kg 
(+150%) 

 
 
 
 

$ 

Eu 288 33 9,504 55 15,777 66 19,008 76 21,859 76 21,859 38 11,082 83 23,760 

Gd 290 27 7,830 45 12,998 54 15,660 62 18,009 62 18,009 31 9,130 68 19,575 

Ho 3 59 177 98 294 118 354 136 407 136 407 69 206 148 443 

Y 0 31 0 51 0 62 0 71 0 71 0 36 0 78 0 

Er 5 25 125 42 208 50 250 58 288 58 288 29 146 63 313 

Tm 2 1 2 2 3 2 4 2 5 2 5 1 2 3 5 

Yb 8 16 128 27 212 32 256 37 294 37 294 19 149 40 320 

Lu 2 610 1,220 1,013 2,025 1,220 2,440 1,403 2,806 1,403 2,806 711 1,423 1,525 3,050 
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Years 

2021 2027 2028 2029 2030 2031 
 

2032 

Base Value       

Annual 
Metals Mass      

(kg) 

 
$/ Kg 

$ 
$/ kg 

(+66%) 
$ 

$/ kg 
(+100%) 

$ 
$/ kg 

(130%) 
$ 

$/ kg 
(130%) 

$ 
$/ kg 

(+16,6%) 
$ 

$/ kg 
(+150%) 

 
 
 
 

$ 

Annual Benefit 
Value ($) 

2,915,500 4,839,730 5,831,000 6,705,650 6,705,650 3,399,473 
 
 

7.288.750 

 

Table A 5 Estimated Benefit gained through the Utilization of Recovered Metal Mass by the Tailings and their Sum of Price Values’ Fluctuation (118) (153) 

Sum of Annual Benefit Values ($)-10 Years  59,114,679 

Sum of Annual Benefit Values (€)-10 Years  54,383,329 

Annual Benefit Value (€/Yr) 5,438,333 
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Table A 6 Configuration of the Real Goal Function (or the actual Loss Function) in Case Scenario A(1) for the waste management of 150*106 kg tailing mass annually 

Years 
Total Cost Ratio 

K(i)/K(1) per Year (i) 

Cost of  Primary 
Installation/ 

Maintenance per Year    
I/M Cost 

Cost of Energy per 
Year    
E.C. 

Cost of Chemical 
Reagents per Year 

C.R.C. 

Beneficial Values  
B.V. 

K(i)=[I/M] + [E] + [C.R.] – B.V.                                             
(Cost per Year) 

Real Goal Function 
Calibrated K(i)                           

L(A(1)_SF,Y(i)) or 
G(A(1),Y(i))r € 

(i) Y(i) or Y(i)a € € € € € Plus 20% L(A(1),SF) 
1 1 1,530,000 1,330,000 8,763,300 5,438,333 6,184,967 7,421,960 
2 0,802 306,000 1,330,000 8,763,300 5,438,333 4,960,967 5,953,160 
…n 0,802 306,000 1,330,000 8,763,300 5,438,333 4,960,967 5,953,160 

 

 

Table A 7 Results of the actual Loss and Real Goal Functions L(A(1)_SF,Y(i)) and G(A(1),Y(i))r that show the annual stable investment cost in metal recovery for all the sub-cases in 
Case Scenario A(1) 

Time Cost Ratio 
Probability 
Density 
Function 

Total Cost of Investment Revenue 
Loss Function or 
Real Goal Function 

Loss Function or 
Real Goal 
Function, 
Including SF 
(20%) 

Configuration of 
Real Goal Function 

SUM of Real Goal 
Function 

Years 
Total Cost Ratio 
K(i)/K(1) per 
Year (i) 

Erlang 
Probability 
Density 
Function 

Cost of  Primary 
Installation/ 
Maintenance per 
Year             
I/M Cost 

Cost of Energy per 
Year                Cost 

Cost of Chemical 
Reagents per Year  
C.R.C. 

Beneficial Values        
B.V. 

K(i)=[C.I.M] + 
[C.E. + [C.C.R.] – 
[B.V.]                                             
(Cost per Year) 

Real Goal Function 
Calibrated K(i)                           
SF 

K(i) SUM G(A(1),Y(i))r 

(i) Y(i) or Y(i)a f(Y(i)) C.I.M. € E.C. € C.C.R. € B.V. € K(i) € 
Plus 20% 
L(A(1)_SF,Y(i)) € 

G(A(1),Y(i))r or 
L(A(1)_SF,Y(i)) € 

SUM 
L(A(1)_SF,Y(i)) € 

1 1 0,298 1,530,000 1,330,000 8,763,300 5,438,333 6,184,967 7,421,960 7,421,960 7,421,960 

2 0.802 
 
 
 

0 
 
 
 

306,000 
 
 
 

1,330,000 
 
 
 

8,763,300 
 
 
 

5,438,333 
 
 
 

4,960,967 
 
 
 

5,953,160 
 
 
 

5,953,160 
 
 
 

13,375,120 

3 19,328,281 

4 25,281,441 
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Time Cost Ratio 
Probability 
Density 
Function 

Total Cost of Investment Revenue 
Loss Function or 
Real Goal Function 

Loss Function or 
Real Goal 
Function, 
Including SF 
(20%) 

Configuration of 
Real Goal Function 

SUM of Real Goal 
Function 

Years 
Total Cost Ratio 
K(i)/K(1) per 
Year (i) 

Erlang 
Probability 
Density 
Function 

Cost of  Primary 
Installation/ 
Maintenance per 
Year             
I/M Cost 

Cost of Energy per 
Year                Cost 

Cost of Chemical 
Reagents per Year  
C.R.C. 

Beneficial Values        
B.V. 

K(i)=[C.I.M] + 
[C.E. + [C.C.R.] – 
[B.V.]                                             
(Cost per Year) 

Real Goal Function 
Calibrated K(i)                           
SF 

K(i) SUM G(A(1),Y(i))r 

(i) Y(i) or Y(i)a f(Y(i)) C.I.M. € E.C. € C.C.R. € B.V. € K(i) € 
Plus 20% 
L(A(1)_SF,Y(i)) € 

G(A(1),Y(i))r or 
L(A(1)_SF,Y(i)) € 

SUM 
L(A(1)_SF,Y(i)) € 

5  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.802 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
306,000 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1,330,000 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8,763,300 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5,438,333 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4,960,967 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5,953,160 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5,953,160 
  

31,234,602 

6 37,187,762 

7 43,140,922 

8 49,094,083 

9 55,047,243 

10 61,000,404 

11 66,953,564 

12 72,906,724 

13 78,859,885 

14 84,813,045 

15 90,766,206 

16 96,719,366 

17 102,672,526 

18 108,625,687 

19 114,578,847 

20 120,532,008 

21 126,485,168 

22 132,438,328 



Cost-Benefit Analysis and Risk Assessment of Mining Activities 
in Terms of Circular Economy and its Environmental Impact 

 Page 170 by 198 
 

 

Time Cost Ratio 
Probability 
Density 
Function 

Total Cost of Investment Revenue 
Loss Function or 
Real Goal Function 

Loss Function or 
Real Goal 
Function, 
Including SF 
(20%) 

Configuration of 
Real Goal Function 

SUM of Real Goal 
Function 

Years 
Total Cost Ratio 
K(i)/K(1) per 
Year (i) 

Erlang 
Probability 
Density 
Function 

Cost of  Primary 
Installation/ 
Maintenance per 
Year             
I/M Cost 

Cost of Energy per 
Year                Cost 

Cost of Chemical 
Reagents per Year  
C.R.C. 

Beneficial Values        
B.V. 

K(i)=[C.I.M] + 
[C.E. + [C.C.R.] – 
[B.V.]                                             
(Cost per Year) 

Real Goal Function 
Calibrated K(i)                           
SF 

K(i) SUM G(A(1),Y(i))r 

(i) Y(i) or Y(i)a f(Y(i)) C.I.M. € E.C. € C.C.R. € B.V. € K(i) € 
Plus 20% 
L(A(1)_SF,Y(i)) € 

G(A(1),Y(i))r or 
L(A(1)_SF,Y(i)) € 

SUM 
L(A(1)_SF,Y(i)) € 

23 138,391,489 

24 144,344,649 

25 150,297,810 

26 156,250,970 

27 162,204,130 

28 168,157,291 

29 174,110,451 

30 180,063,612 
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Table A 8 Results of the Financial Risk Assessment through CBA in the sub-case A(1)1 

Years 
Negative 

Targeting 
(Σεεπi/Σεεπ1) 

Probabil
ity 

Density 
Function 

Stable 
Number 
of Audit 
Control 

Sites 
per Year 

Additive 
Number 
of Audit 
Control 

Sites 

Maximum 
Probability of 

Non-
Conformance 

with 
Environmental 

Protection 
Requirements 

Stable 
Factor of 

Penalty Cost  
(€)                                                           

C=Β*ΣΒ*ΣΕΑΕ 
(as shown in 
Equation 1) 

 
 
 
 

Σεεπi 
 

Penalty Cost 
(€)                                                      
K(i) 

(C*Total 
Σεεπi) 

Loss 
Function 

SUM of the 
At-Risk Loss 

Function 
At-Risk Cost 

SUM of the At-
Risk Cost 

SUM of the 
Real Cost of 
Investment 
(Shown in 
Table A7) 

SUM of the 
Total Cost 

including At-
Risk Cost and 
Real Cost of 
Investment 

(i) 
Σεεπi Ratio 
Y(i) or Y(i)t 

PDF(i)  
or  

f(Y) 
Nj Ni θ(0) C  

Total 
Σεεπi 

K(i) 
L(A(0),Y(i)) 

(€) 
K(1)*[Y(i)]2 

SUM 
L(A(0),Y(i)) 

(€) 
SUM 

[K(1)*[Y(i)]2

] 

G(A(1)1,Y(i))t  
(€) 

K(1)*[Y(i)]2*f
(Y) 

SUM 
G(A(1)1,Y(i))t  

(€) 
SUM 

G(A(1),Y(i))t 

SUM 
G(A(1)1,Y(i))r  

(€) 

SUM 
G(A(1)1,Y(i))

Total  
(€) 

1    4      374,400  157,950 
7,421,960 7,579,910 

2    8      748,800  315,900 13,375,121 13,691,021 

3    12      1,123,200  473,850 19,328,281 19,802,131 

4    16      1,497,600  631,800 25,281,442 25,913,242 

5    20      1,872,000  789,750 31,234,602 32,024,352 

6 1.00 0.422 4 24 0.25 936,000 0.4 374,400 374,400 2,246,400 157,950 947,700 37,187,762 38,135,462 

7    28      2,620,800  1,105,650 43,140,923 44,246,573 

8    32      2,995,200  1,263,600 49,094,083 50,357,683 

9    36      3,369,600  1,421,550 55,047,244 56,468,794 

10    40      3,744,000  1,579,500 61,000,404 62,579,904 

11    44      4,118,400  1,737,450 66,953,564 68,691,014 

12    48      4,492,800  1,895,400 72,906,725 74,802,125 

13    52      4,867,200  2,053,350 78,859,885 80,913,235 

14    56      5,241,600  2,211,300 84,813,046 87,024,346 
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Years 
Negative 

Targeting 
(Σεεπi/Σεεπ1) 

Probabil
ity 

Density 
Function 

Stable 
Number 
of Audit 
Control 

Sites 
per Year 

Additive 
Number 
of Audit 
Control 

Sites 

Maximum 
Probability of 

Non-
Conformance 

with 
Environmental 

Protection 
Requirements 

Stable 
Factor of 

Penalty Cost  
(€)                                                           

C=Β*ΣΒ*ΣΕΑΕ 
(as shown in 
Equation 1) 

 
 
 
 

Σεεπi 
 

Penalty Cost 
(€)                                                      
K(i) 

(C*Total 
Σεεπi) 

Loss 
Function 

SUM of the 
At-Risk Loss 

Function 
At-Risk Cost 

SUM of the At-
Risk Cost 

SUM of the 
Real Cost of 
Investment 
(Shown in 
Table A7) 

SUM of the 
Total Cost 

including At-
Risk Cost and 
Real Cost of 
Investment 

(i) 
Σεεπi Ratio 
Y(i) or Y(i)t 

PDF(i)  
or  

f(Y) 
Nj Ni θ(0) C  

Total 
Σεεπi 

K(i) 
L(A(0),Y(i)) 

(€) 
K(1)*[Y(i)]2 

SUM 
L(A(0),Y(i)) 

(€) 
SUM 

[K(1)*[Y(i)]2

] 

G(A(1)1,Y(i))t  
(€) 

K(1)*[Y(i)]2*f
(Y) 

SUM 
G(A(1)1,Y(i))t  

(€) 
SUM 

G(A(1),Y(i))t 

SUM 
G(A(1)1,Y(i))r  

(€) 

SUM 
G(A(1)1,Y(i))

Total  
(€) 

15    60      5,616,000  2,369,250 90,766,206 93,135,456 

16    64      5,990,400  2,527,200 96,719,366 99,246,566 

17    68      6,364,800  2,685,150 102,672,527 105,357,677 

18    72      6,739,200  2,843,100 108,625,687 111,468,787 

19    76      7,113,600  3,001,050 114,578,848 117,579,898 

20    80      7,488,000  3,159,000 120,532,008 123,691,008 

21 1.00 0.422 4 84 0.25 936,000 0.4 374,400 374,400 7,862,400 157,950 3,316,950 126,485,168 129,802,118 

22    88      8,236,800  3,474,900 132,438,329 135,913,229 

23    92      8,611,200  3,632,850 138,391,489 142,024,339 

24    96      8,985,600  3,790,800 144,344,650 148,135,450 

25    100      9,360,000  3,948,750 150,297,810 154,246,560 

26    104      9,734,400  4,106,700 156,250,970 160,357,670 

27    108      10,108,800  4,264,650 162,204,131 166,468,781 

28    112      10,483,200  4,422,600 168,157,291 172,579,891 

29    116      10,857,600  4,580,550 174,110,452 178,691,002 

30    120      11,232,000  4,738,500 180,063,612 184,802,112 
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Table A 9 Results of the Financial Risk Assessment through CBA in the sub-case A(1)2 

Years 
Negative 

Targeting 
(Σεεπi/Σεεπ1) 

Probabil
ity 

Density 
Function 

Stable 
Number 
of Audit 
Control 

Sites 
per Year 

Additive 
Number 
of Audit 
Control 

Sites 

Maximum 
Probability of 

Non-
Conformance 

with 
Environmental 

Protection 
Requirements 

Stable 
Factor of 

Penalty Cost  
(€)                                                           

C=Β*ΣΒ*ΣΕΑΕ 
(as shown in 
Equation 1) 

 
 
 
 

Σεεπi 
Indicator 

Penalty Cost 
(€)                                                      
K(i) 

(C*Total 
Σεεπi) 

Loss 
Function 

SUM of the 
At-Risk Loss 

Function 
At-Risk Cost 

SUM of the At-
Risk Cost 

SUM of the 
Real Cost of 
Investment 
(Shown in 
Table A7) 

SUM of the 
Total Cost 

including At-
Risk Cost and 
Real Cost of 
Investment 

(i) 
Σεεπi Ratio 
Y(i) or Y(i)t 

PDF(i)  
or  

f(Y) 
Nj Ni θ(0) C  

Total 
Σεεπi 

K(i) 
L(A(0),Y(i)) 

(€) 
K(1)*[Y(i)]2 

SUM 
L(A(0),Y(i)) 

(€) 
SUM 

[K(1)*[Y(i)]2

] 

G(A(1)1,Y(i))t  
(€) 

K(1)*[Y(i)]2*f
(Y) 

SUM 
G(A(1)1,Y(i))t  

(€) 
SUM 

G(A(1),Y(i))t 

SUM 
G(A(1)1,Y(i))r  

(€) 

SUM 
G(A(1)1,Y(i))

Total  
(€) 

1 1.00 0.422 4 4 0.25 936,000 0.40 374,400 374,400 374,400 157,950 157,950 7,421,960 7,579,910 

2 3.27 0.035 4 8 0.25 936,000 1.31 1,223,165 3,996,079 4,370,479 139,696 297,646 13,375,121 13,672,767 

3 3.27 0.035 4 12 0.25 936,000 1.31 1,223,165 3,996,079 8,366,559 139,696 437,342 19,328,281 19,765,623 

4 3.27 0.035 4 16 0.25 936,000 1.31 1,223,165 3,996,079 12,362,638 139,696 577,038 25,281,442 25,858,480 

5 8.17 0.000 4 20 0.25 936,000 3.27 3,057,912 24,975,496 37,338,134 0 577,038 31,234,602 31,811,640 

6 8.17 0.000 4 24 0.25 936,000 3.27 3,057,912 24,975,496 62,313,631 0 577,038 37,187,762 37,764,800 

7 8.17 0.000 4 28 0.25 936,000 3.27 3,057,912 24,975,496 87,289,127 0 577,038 43,140,923 43,717,961 

8 8.17 0.000 4 32 0.25 936,000 3.27 3,057,912 24,975,496 112,264,623 0 577,038 49,094,083 49,671,121 

9 8.17 0.000 4 36 0.25 936,000 3.27 3,057,912 24,975,496 137,240,120 0 577,038 55,047,244 55,624,282 

10 8.17 0.000 4 40 0.25 936,000 3.27 3,057,912 24,975,496 162,215,616 0 577,038 61,000,404 61,577,442 

11 8.17 0.000 4 44 0.25 936,000 3.27 3,057,912 24,975,496 187,191,112 0 577,038 66,953,564 67,530,602 
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Years 
Negative 

Targeting 
(Σεεπi/Σεεπ1) 

Probabil
ity 

Density 
Function 

Stable 
Number 
of Audit 
Control 

Sites 
per Year 

Additive 
Number 
of Audit 
Control 

Sites 

Maximum 
Probability of 

Non-
Conformance 

with 
Environmental 

Protection 
Requirements 

Stable 
Factor of 

Penalty Cost  
(€)                                                           

C=Β*ΣΒ*ΣΕΑΕ 
(as shown in 
Equation 1) 

 
 
 
 

Σεεπi 
Indicator 

Penalty Cost 
(€)                                                      
K(i) 

(C*Total 
Σεεπi) 

Loss 
Function 

SUM of the 
At-Risk Loss 

Function 
At-Risk Cost 

SUM of the At-
Risk Cost 

SUM of the 
Real Cost of 
Investment 
(Shown in 
Table A7) 

SUM of the 
Total Cost 

including At-
Risk Cost and 
Real Cost of 
Investment 

(i) 
Σεεπi Ratio 
Y(i) or Y(i)t 

PDF(i)  
or  

f(Y) 
Nj Ni θ(0) C  

Total 
Σεεπi 

K(i) 
L(A(0),Y(i)) 

(€) 
K(1)*[Y(i)]2 

SUM 
L(A(0),Y(i)) 

(€) 
SUM 

[K(1)*[Y(i)]2

] 

G(A(1)1,Y(i))t  
(€) 

K(1)*[Y(i)]2*f
(Y) 

SUM 
G(A(1)1,Y(i))t  

(€) 
SUM 

G(A(1),Y(i))t 

SUM 
G(A(1)1,Y(i))r  

(€) 

SUM 
G(A(1)1,Y(i))

Total  
(€) 

12 8.17 0.000 4 48 0.25 936,000 3.27 3,057,912 24,975,496 212,166,608 0 577,038 72,906,725 73,483,763 

13 8.17 0.000 4 52 0.25 936,000 3.27 3,057,912 24,975,496 237,142,105 0 577,038 78,859,885 79,436,923 

14 8.17 0.000 4 56 0.25 936,000 3.27 3,057,912 24,975,496 262,117,601 0 577,038 84,813,046 85,390,084 

15 8.17 0.000 4 60 0.25 936,000 3.27 3,057,912 24,975,496 287,093,097 0 577,038 90,766,206 91,343,244 

16 8.17 0.000 4 64 0.25 936,000 3.27 3,057,912 24,975,496 312,068,593 0 577,038 96,719,366 97,296,404 

17 8.17 0.000 4 68 0.25 936,000 3.27 3,057,912 24,975,496 337,044,090 0 577,038 102,672,527 103,249,565 

18 8.17 0.000 4 72 0.25 936,000 3.27 3,057,912 24,975,496 362,019,586 0 577,038 108,625,687 109,202,725 

19 8.17 0.000 4 76 0.25 936,000 3.27 3,057,912 24,975,496 386,995,082 0 577,038 114,578,848 115,155,886 

20 8.17 0.000 4 80 0.25 936,000 3.27 3,057,912 24,975,496 411,970,578 0 577,038 120,532,008 121,109,046 

21 8.17 0.000 4 84 0.25 936,000 3.27 3,057,912 24,975,496 436,946,075 0 577,038 126,485,168 127,062,206 

22 8.17 0.000 4 88 0.25 936,000 3.27 3,057,912 24,975,496 461,921,571 0 577,038 132,438,329 133,015,367 

23 8.17 0.000 4 92 0.25 936,000 3.27 3,057,912 24,975,496 486,897,067 0 577,038 138,391,489 138,968,527 

24 8.17 0.000 4 96 0.25 936,000 3.27 3,057,912 24,975,496 511,872,563 0 577,038 144,344,650 144,921,688 

25 8.17 0.000 4 100 0.25 936,000 3.27 3,057,912 24,975,496 536,848,060 0 577,038 150,297,810 150,874,848 

26 8.17 0.000 4 104 0.25 936,000 3.27 3,057,912 24,975,496 561,823,556 0 577,038 156,250,970 156,828,008 

27 8.17 0.000 4 108 0.25 936,000 3.27 3,057,912 24,975,496 586,799,052 0 577,038 162,204,131 162,781,169 
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Years 
Negative 

Targeting 
(Σεεπi/Σεεπ1) 

Probabil
ity 

Density 
Function 

Stable 
Number 
of Audit 
Control 

Sites 
per Year 

Additive 
Number 
of Audit 
Control 

Sites 

Maximum 
Probability of 

Non-
Conformance 

with 
Environmental 

Protection 
Requirements 

Stable 
Factor of 

Penalty Cost  
(€)                                                           

C=Β*ΣΒ*ΣΕΑΕ 
(as shown in 
Equation 1) 

 
 
 
 

Σεεπi 
Indicator 

Penalty Cost 
(€)                                                      
K(i) 

(C*Total 
Σεεπi) 

Loss 
Function 

SUM of the 
At-Risk Loss 

Function 
At-Risk Cost 

SUM of the At-
Risk Cost 

SUM of the 
Real Cost of 
Investment 
(Shown in 
Table A7) 

SUM of the 
Total Cost 

including At-
Risk Cost and 
Real Cost of 
Investment 

(i) 
Σεεπi Ratio 
Y(i) or Y(i)t 

PDF(i)  
or  

f(Y) 
Nj Ni θ(0) C  

Total 
Σεεπi 

K(i) 
L(A(0),Y(i)) 

(€) 
K(1)*[Y(i)]2 

SUM 
L(A(0),Y(i)) 

(€) 
SUM 

[K(1)*[Y(i)]2

] 

G(A(1)1,Y(i))t  
(€) 

K(1)*[Y(i)]2*f
(Y) 

SUM 
G(A(1)1,Y(i))t  

(€) 
SUM 

G(A(1),Y(i))t 

SUM 
G(A(1)1,Y(i))r  

(€) 

SUM 
G(A(1)1,Y(i))

Total  
(€) 

28 8.17 0.000 4 112 0.25 936,000 3.27 3,057,912 24,975,496 611,774,548 0 577,038 168,157,291 168,734,329 

29 8.17 0.000 4 116 0.25 936,000 3.27 3,057,912 24,975,496 636,750,045 0 577,038 174,110,452 174,687,490 

30 8.17 0.000 4 120 0.25 936,000 3.27 3,057,912 24,975,496 661,725,541 0 577,038 180,063,612 180,640,650 
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Table A 10 Results of the Financial Risk Assessment through CBA in the sub-case A(1)3 

Years 
Negative 

Targeting 
(Σεεπi/Σεεπ1) 

Probabil
ity 

Density 
Function 

Stable 
Number 
of Audit 
Control 

Sites 
per Year 

Additive 
Number 
of Audit 
Control 

Sites 

Maximum 
Probability of 

Non-
Conformance 

with 
Environmental 

Protection 
Requirements 

Stable 
Factor of 

Penalty Cost  
(€)                                                           

C=Β*ΣΒ*ΣΕΑΕ 
(as shown in 
Equation 1) 

 
 
 
 

Σεεπi 
Indicator 

Penalty Cost 
(€)                                                      
K(i) 

(C*Total 
Σεεπi) 

Loss 
Function 

SUM of the 
At-Risk Loss 

Function 
At-Risk Cost 

SUM of the At-
Risk Cost 

SUM of the 
Real Cost of 
Investment 
(Shown in 
Table A7) 

SUM of the 
Total Cost 

including At-
Risk Cost and 
Real Cost of 
Investment 

(i) 
Σεεπi Ratio 
Y(i) or Y(i)t 

PDF(i)  
or  

f(Y) 
Nj Ni θ(0) C  

Total 
Σεεπi 

K(i) 
L(A(0),Y(i)) 

(€) 
K(1)*[Y(i)] 

SUM 
L(A(0),Y(i)) 

(€) 
SUM 

[K(1)*[Y(i)]] 

G(A(1)1,Y(i))t  
(€) 

K(1)*[Y(i)]*f(
Y) 

SUM 
G(A(1)1,Y(i))t  

(€) 
SUM 

G(A(1),Y(i))t 

SUM 
G(A(1)1,Y(i))r  

(€) 

SUM 
G(A(1)1,Y(i))

Total  
(€) 

1 1.00 2.47E-01 4 4 0.25 936,000 0.40 374,400 374,400 374,400 92,444 92,444 7,421,960 7,514,405 

2 1.00 2.94E-04 4 8 0.25 936,000 0.40 374,400 374,400 748,800 110 92,554 13,375,121 13,467,675 

3 1.00 3.71E-08 4 12 0.25 936,000 0.40 374,400 374,400 1,123,200 0 92,555 19,328,281 19,420,836 

4 1.00 1.13E-12 4 16 0.25 936,000 0.40 374,400 374,400 1,497,600 0 92,555 25,281,442 25,373,996 

5 1.00 1.22E-17 4 20 0.25 936,000 0.40 374,400 374,400 1,872,000 0 92,555 31,234,602 31,327,157 

6 1.00 5.73E-23 4 24 0.25 936,000 0.40 374,400 374,400 2,246,400 0 92,555 37,187,762 37,280,317 

7 1.00 1.36E-28 4 28 0.25 936,000 0.40 374,400 374,400 2,620,800 0 92,555 43,140,923 43,233,477 

8 1.00 1.80E-34 4 32 0.25 936,000 0.40 374,400 374,400 2,995,200 0 92,555 49,094,083 49,186,638 

9 1.00 1.43E-40 4 36 0.25 936,000 0.40 374,400 374,400 3,369,600 0 92,555 55,047,244 55,139,798 

10 1.00 7.26E-47 4 40 0.25 936,000 0.40 374,400 374,400 3,744,000 0 92,555 61,000,404 61,092,959 

11 1.00 2.45E-53 4 44 0.25 936,000 0.40 374,400 374,400 4,118,400 0 92,555 66,953,564 67,046,119 

12 1.00 5.73E-60 4 48 0.25 936,000 0.40 374,400 374,400 4,492,800 0 92,555 72,906,725 72,999,279 

13 1.00 9.55E-67 4 52 0.25 936,000 0.40 374,400 374,400 4,867,200 0 92,555 78,859,885 78,952,440 

14 1.00 1.17E-73 4 56 0.25 936,000 0.40 374,400 374,400 5,241,600 0 92,555 84,813,046 84,905,600 
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Years 
Negative 

Targeting 
(Σεεπi/Σεεπ1) 

Probabil
ity 

Density 
Function 

Stable 
Number 
of Audit 
Control 

Sites 
per Year 

Additive 
Number 
of Audit 
Control 

Sites 

Maximum 
Probability of 

Non-
Conformance 

with 
Environmental 

Protection 
Requirements 

Stable 
Factor of 

Penalty Cost  
(€)                                                           

C=Β*ΣΒ*ΣΕΑΕ 
(as shown in 
Equation 1) 

 
 
 
 

Σεεπi 
Indicator 

Penalty Cost 
(€)                                                      
K(i) 

(C*Total 
Σεεπi) 

Loss 
Function 

SUM of the 
At-Risk Loss 

Function 
At-Risk Cost 

SUM of the At-
Risk Cost 

SUM of the 
Real Cost of 
Investment 
(Shown in 
Table A7) 

SUM of the 
Total Cost 

including At-
Risk Cost and 
Real Cost of 
Investment 

(i) 
Σεεπi Ratio 
Y(i) or Y(i)t 

PDF(i)  
or  

f(Y) 
Nj Ni θ(0) C  

Total 
Σεεπi 

K(i) 
L(A(0),Y(i)) 

(€) 
K(1)*[Y(i)] 

SUM 
L(A(0),Y(i)) 

(€) 
SUM 

[K(1)*[Y(i)]] 

G(A(1)1,Y(i))t  
(€) 

K(1)*[Y(i)]*f(
Y) 

SUM 
G(A(1)1,Y(i))t  

(€) 
SUM 

G(A(1),Y(i))t 

SUM 
G(A(1)1,Y(i))r  

(€) 

SUM 
G(A(1)1,Y(i))

Total  
(€) 

15 1.00 1.07E-80 4 60 0.25 936,000 0.40 374,400 374,400 5,616,000 0 92,555 90,766,206 90,858,761 

16 1.00 7.47E-88 4 64 0.25 936,000 0.40 374,400 374,400 5,990,400 0 92,555 96,719,366 96,811,921 

17 1.00 4.06E-95 4 68 0.25 936,000 0.40 374,400 374,400 6,364,800 0 92,555 102,672,527 102,765,081 

18 1.00 1.74E-
102 

4 72 0.25 936,000 0.40 374,400 374,400 6,739,200 0 92,555 108,625,687 108,718,242 

19 1.00 5.97E-
110 

4 76 0.25 936,000 0.40 374,400 374,400 7,113,600 0 92,555 114,578,848 114,671,402 

20 1.00 1.66E-
117 

4 80 0.25 936,000 0.40 374,400 374,400 7,488,000 0 92,555 120,532,008 120,624,563 

21 1.00 3.75E-
125 

4 84 0.25 936,000 0.40 374,400 374,400 7,862,400 0 92,555 126,485,168 126,577,723 

22 1.00 7.03E-
133 

4 88 0.25 936,000 0.40 374,400 374,400 8,236,800 0 92,555 132,438,329 132,530,883 

23 1.00 1.10E-
140 

4 92 0.25 936,000 0.40 374,400 374,400 8,611,200 0 92,555 138,391,489 138,484,044 

24 1.00 1.43E-
148 

4 96 0.25 936,000 0.40 374,400 374,400 8,985,600 0 92,555 144,344,650 144,437,204 

25 1.00 1.59E-
156 

4 100 0.25 936,000 0.40 374,400 374,400 9,360,000 0 92,555 150,297,810 150,390,365 

26 1.00 1.50E-
164 

4 104 0.25 936,000 0.40 374,400 374,400 9,734,400 0 92,555 156,250,970 156,343,525 

27 1.00 1.21E-
172 

4 108 0.25 936,000 0.40 374,400 374,400 10,108,800 0 92,555 162,204,131 162,296,685 

28 1.00 8.40E-
181 

4 112 0.25 936,000 0.40 374,400 374,400 10,483,200 0 92,555 168,157,291 168,249,846 
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Years 
Negative 

Targeting 
(Σεεπi/Σεεπ1) 

Probabil
ity 

Density 
Function 

Stable 
Number 
of Audit 
Control 

Sites 
per Year 

Additive 
Number 
of Audit 
Control 

Sites 

Maximum 
Probability of 

Non-
Conformance 

with 
Environmental 

Protection 
Requirements 

Stable 
Factor of 

Penalty Cost  
(€)                                                           

C=Β*ΣΒ*ΣΕΑΕ 
(as shown in 
Equation 1) 

 
 
 
 

Σεεπi 
Indicator 

Penalty Cost 
(€)                                                      
K(i) 

(C*Total 
Σεεπi) 

Loss 
Function 

SUM of the 
At-Risk Loss 

Function 
At-Risk Cost 

SUM of the At-
Risk Cost 

SUM of the 
Real Cost of 
Investment 
(Shown in 
Table A7) 

SUM of the 
Total Cost 

including At-
Risk Cost and 
Real Cost of 
Investment 

(i) 
Σεεπi Ratio 
Y(i) or Y(i)t 

PDF(i)  
or  

f(Y) 
Nj Ni θ(0) C  

Total 
Σεεπi 

K(i) 
L(A(0),Y(i)) 

(€) 
K(1)*[Y(i)] 

SUM 
L(A(0),Y(i)) 

(€) 
SUM 

[K(1)*[Y(i)]] 

G(A(1)1,Y(i))t  
(€) 

K(1)*[Y(i)]*f(
Y) 

SUM 
G(A(1)1,Y(i))t  

(€) 
SUM 

G(A(1),Y(i))t 

SUM 
G(A(1)1,Y(i))r  

(€) 

SUM 
G(A(1)1,Y(i))

Total  
(€) 

29 1.00 5.06E-
189 

4 116 0.25 936,000 0.40 374,400 374,400 10,857,600 0 92,555 174,110,452 174,203,006 

30 1.00 2.66E-
197 

4 120 0.25 936,000 0.40 374,400 374,400 11,232,000 0 92,555 180,063,612 180,156,167 
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Table A 11 Results of the Financial Risk Assessment through CBA in the sub-case A(1)4 

Years 
Negative 
Targeting 

(Σεεπi/Σεεπ1) 

Probabilit
y Density 
Function 

Stable 
Number 
of Audit 
Control 

Sites 
per Year 

Additive 
Number 
of Audit 
Control 

Sites 

Maximum 
Probability of 

Non-
Conformance 

with 
Environmental 

Protection 
Requirements 

Stable 
Factor of 

Penalty Cost  
(€)                                                           

C=Β*ΣΒ*ΣΕΑΕ 
(as shown in 
Equation 1) 

 
 
 
 

Σεεπi 
Indicator 

Penalty Cost 
(€)                                                      
K(i) 

(C*Total 
Σεεπi) 

Loss 
Function 

SUM of the 
At-Risk Loss 

Function 
At-Risk Cost 

SUM of the At-
Risk Cost 

SUM of the 
Real Cost of 
Investment 
(Shown in 
Table A7) 

SUM of the 
Total Cost 

including At-
Risk Cost and 
Real Cost of 
Investment 

(i) 
Σεεπi Ratio 
Y(i) or Y(i)t 

PDF(i)  
or  

f(Y) 
Nj Ni θ(0) C  

Total 
Σεεπi 

K(i) 
L(A(0),Y(i)) 

(€) 
K(1)*[Y(i)] 

SUM 
L(A(0),Y(i)) 

(€) 
SUM 

[K(1)*[Y(i)]] 

G(A(1)1,Y(i))t  
(€) 

K(1)*[Y(i)]*f(
Y) 

SUM 
G(A(1)1,Y(i))t  

(€) 
SUM 

G(A(1),Y(i))t 

SUM 
G(A(1)1,Y(i))r  

(€) 

SUM 
G(A(1)1,Y(i))

Total  
(€) 

1 1.00 2.47E-01 4 4 0.25 936,000 0.40 374,400 374,400 374,400 92,444 92,444 7,421,960 7,514,405 

2 3.27 2.94E-04 4 8 0.25 936,000 1.31 1,223,165 3,996,079 4,370,479 1,175 93,619 13,375,121 13,468,740 

3 3.27 3.71E-08 4 12 0.25 936,000 1.31 1,223,165 3,996,079 8,366,559 0 93,619 19,328,281 19,421,900 

4 3.27 1.13E-12 4 16 0.25 936,000 1.31 1,223,165 3,996,079 12,362,638 0 93,619 25,281,442 25,375,061 

5 8.17 1.22E-17 4 20 0.25 936,000 3.27 3,057,912 24,975,496 37,338,134 0 93,619 31,234,602 31,328,221 

6 8.17 5.73E-23 4 24 0.25 936,000 3.27 3,057,912 24,975,496 62,313,631 0 93,619 37,187,762 37,281,382 

7 8.17 1.36E-28 4 28 0.25 936,000 3.27 3,057,912 24,975,496 87,289,127 0 93,619 43,140,923 43,234,542 

8 8.17 1.80E-34 4 32 0.25 936,000 3.27 3,057,912 24,975,496 112,264,623 0 93,619 49,094,083 49,187,702 

9 8.17 1.43E-40 4 36 0.25 936,000 3.27 3,057,912 24,975,496 137,240,120 0 93,619 55,047,244 55,140,863 

10 8.17 7.26E-47 4 40 0.25 936,000 3.27 3,057,912 24,975,496 162,215,616 0 93,619 61,000,404 61,094,023 

11 8.17 2.45E-53 4 44 0.25 936,000 3.27 3,057,912 24,975,496 187,191,112 0 93,619 66,953,564 67,047,184 

12 8.17 5.73E-60 4 48 0.25 936,000 3.27 3,057,912 24,975,496 212,166,608 0 93,619 72,906,725 73,000,344 

13 8.17 9.55E-67 4 52 0.25 936,000 3.27 3,057,912 24,975,496 237,142,105 0 93,619 78,859,885 78,953,504 

14 8.17 1.17E-73 4 56 0.25 936,000 3.27 3,057,912 24,975,496 262,117,601 0 93,619 84,813,046 84,906,665 
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Years 
Negative 
Targeting 

(Σεεπi/Σεεπ1) 

Probabilit
y Density 
Function 

Stable 
Number 
of Audit 
Control 

Sites 
per Year 

Additive 
Number 
of Audit 
Control 

Sites 

Maximum 
Probability of 

Non-
Conformance 

with 
Environmental 

Protection 
Requirements 

Stable 
Factor of 

Penalty Cost  
(€)                                                           

C=Β*ΣΒ*ΣΕΑΕ 
(as shown in 
Equation 1) 

 
 
 
 

Σεεπi 
Indicator 

Penalty Cost 
(€)                                                      
K(i) 

(C*Total 
Σεεπi) 

Loss 
Function 

SUM of the 
At-Risk Loss 

Function 
At-Risk Cost 

SUM of the At-
Risk Cost 

SUM of the 
Real Cost of 
Investment 
(Shown in 
Table A7) 

SUM of the 
Total Cost 

including At-
Risk Cost and 
Real Cost of 
Investment 

(i) 
Σεεπi Ratio 
Y(i) or Y(i)t 

PDF(i)  
or  

f(Y) 
Nj Ni θ(0) C  

Total 
Σεεπi 

K(i) 
L(A(0),Y(i)) 

(€) 
K(1)*[Y(i)] 

SUM 
L(A(0),Y(i)) 

(€) 
SUM 

[K(1)*[Y(i)]] 

G(A(1)1,Y(i))t  
(€) 

K(1)*[Y(i)]*f(
Y) 

SUM 
G(A(1)1,Y(i))t  

(€) 
SUM 

G(A(1),Y(i))t 

SUM 
G(A(1)1,Y(i))r  

(€) 

SUM 
G(A(1)1,Y(i))

Total  
(€) 

15 8.17 1.07E-80 4 60 0.25 936,000 3.27 3,057,912 24,975,496 287,093,097 0 93,619 90,766,206 90,859,825 

16 8.17 7.47E-88 4 64 0.25 936,000 3.27 3,057,912 24,975,496 312,068,593 0 93,619 96,719,366 96,812,986 

17 8.17 4.06E-95 4 68 0.25 936,000 3.27 3,057,912 24,975,496 337,044,090 0 93,619 102,672,527 102,766,146 

18 8.17 1.74E-102 4 72 0.25 936,000 3.27 3,057,912 24,975,496 362,019,586 0 93,619 108,625,687 108,719,306 

19 8.17 5.97E-110 4 76 0.25 936,000 3.27 3,057,912 24,975,496 386,995,082 0 93,619 114,578,848 114,672,467 

20 8.17 1.66E-117 4 80 0.25 936,000 3.27 3,057,912 24,975,496 411,970,578 0 93,619 120,532,008 120,625,627 

21 8.17 3.75E-125 4 84 0.25 936,000 3.27 3,057,912 24,975,496 436,946,075 0 93,619 126,485,168 126,578,788 

22 8.17 7.03E-133 4 88 0.25 936,000 3.27 3,057,912 24,975,496 461,921,571 0 93,619 132,438,329 132,531,948 

23 8.17 1.10E-140 4 92 0.25 936,000 3.27 3,057,912 24,975,496 486,897,067 0 93,619 138,391,489 138,485,108 

24 8.17 1.43E-148 4 96 0.25 936,000 3.27 3,057,912 24,975,496 511,872,563 0 93,619 144,344,650 144,438,269 

25 8.17 1.59E-156 4 100 0.25 936,000 3.27 3,057,912 24,975,496 536,848,060 0 93,619 150,297,810 150,391,429 

26 8.17 1.50E-164 4 104 0.25 936,000 3.27 3,057,912 24,975,496 561,823,556 0 93,619 156,250,970 156,344,590 

27 8.17 1.21E-172 4 108 0.25 936,000 3.27 3,057,912 24,975,496 586,799,052 0 93,619 162,204,131 162,297,750 

28 8.17 8.40E-181 4 112 0.25 936,000 3.27 3,057,912 24,975,496 611,774,548 0 93,619 168,157,291 168,250,910 

29 8.17 5.06E-189 4 116 0.25 936,000 3.27 3,057,912 24,975,496 636,750,045 0 93,619 174,110,452 174,204,071 

30 8.17 2.66E-197 4 120 0.25 936,000 3.27 3,057,912 24,975,496 661,725,541 0 93,619 180,063,612 180,157,231 
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Table A 12 Results of the Financial Risk Assessment through CBA in the sub-case A(1)5 

Time Cost Ratio 
Probability 

Density 
Function 

Total Cost of Investment  Revenue 

Loss 
Function or 

Reliable Goal 
Function 

Loss 
Function or 

Reliable Goal 
Function, 

Including SF 
(20%) 

Configuration 
of Reliable 

Goal Function 

SUM of 
Reliable Goal 

Function 

Theoretical Goal 
Function 

SUM of 
Theoretical 

Goal 
Function 

Total SUM of 
Investment 

Cost, Including 
Reliable and 
Theoretical 

Goal Functions 

Years 

Total Cost 
Ratio 

K(i)/K(1) 
per Year (i) 

Erlang 
Probability 

Density 
Function 

Cost of  
Primary 

Installation/ 
Maintenance 

per Year             
I/M Cost 

Cost of 
Energy per 

Year                
Cost 

Cost of 
Chemical 

Reagents per 
Year  C.R.C. 

Beneficial 
Values        

B.V. 

K(i)=[C.I.M] 
+ [C.E. + 
[C.C.R.] – 

[B.V.]                                             
(Cost per 

Year) 

Reliable Goal 
Function 

Calibrated 
K(i)                           
SF 

K(i)*Y(i)  
SUM 

G(A(1),Y(i))r 

At Risk Negative 
Cost K(i)t 

[K(i)*Y(i)*f(Y(i))] 

SUM 
G(A(1),Y(i))t 

Total SUM 
G(A(1),Y(i)) 

(i) Y(i)a or Y(i)t 
PDF(i) or 

f(Y(i)) 
C.I.M. € E.C. € C.C.R. € B.V. € K(i) € 

Plus 20% 
L(A(1),SF) € 

G(A(1),Y(i))r

or L(A(1),SF) 
€ 

SUM 
L(A(1),SF) € 

G(A(1),Y(i))t € 

K(i)t or  
SUM 

G(A(1),Y(i))t 
€ 

SUM 
G(A(1),SF) € 

1 1 0,298 1,530,000 1,330,000 8,763,300 5,438,333 6,184,967 7,421,960 7,421,960 7,421,960 2,209,007 2,209,007 9,630,967 

2 0.802 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

306,000 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1,330,000 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

8,763,300 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5,438,333 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4,960,967 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5,953,160 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5,953,160 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

13,375,120 791 2,209,798 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

15,584,127 

3 19,328,281 0.04 21,537,288 

4 25,281,441 0.00 27,490,448 

5 31,234,602 0.00 33,443,609 

6 37,187,762 0.00 39,396,769 

7 43,140,922 0.00 45,349,929 

8 49,094,083 0.00 51,303,090 

9 55,047,243 0.00 57,256,250 

10 61,000,404 0.00 63,209,411 

11 66,953,564 0.00 69,162,571 

12 72,906,724 0.00 75,115,731 

13 78,859,885 0.00 81,068,892 

14 84,813,045 0.00 87,022,052 
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Time Cost Ratio 
Probability 

Density 
Function 

Total Cost of Investment  Revenue 

Loss 
Function or 

Reliable Goal 
Function 

Loss 
Function or 

Reliable Goal 
Function, 

Including SF 
(20%) 

Configuration 
of Reliable 

Goal Function 

SUM of 
Reliable Goal 

Function 

Theoretical Goal 
Function 

SUM of 
Theoretical 

Goal 
Function 

Total SUM of 
Investment 

Cost, Including 
Reliable and 
Theoretical 

Goal Functions 

Years 

Total Cost 
Ratio 

K(i)/K(1) 
per Year (i) 

Erlang 
Probability 

Density 
Function 

Cost of  
Primary 

Installation/ 
Maintenance 

per Year             
I/M Cost 

Cost of 
Energy per 

Year                
Cost 

Cost of 
Chemical 

Reagents per 
Year  C.R.C. 

Beneficial 
Values        

B.V. 

K(i)=[C.I.M] 
+ [C.E. + 
[C.C.R.] – 

[B.V.]                                             
(Cost per 

Year) 

Reliable Goal 
Function 

Calibrated 
K(i)                           
SF 

K(i)*Y(i)  
SUM 

G(A(1),Y(i))r 

At Risk Negative 
Cost K(i)t 

[K(i)*Y(i)*f(Y(i))] 

SUM 
G(A(1),Y(i))t 

Total SUM 
G(A(1),Y(i)) 

(i) Y(i)a or Y(i)t 
PDF(i) or 

f(Y(i)) 
C.I.M. € E.C. € C.C.R. € B.V. € K(i) € 

Plus 20% 
L(A(1),SF) € 

G(A(1),Y(i))r

or L(A(1),SF) 
€ 

SUM 
L(A(1),SF) € 

G(A(1),Y(i))t € 

K(i)t or  
SUM 

G(A(1),Y(i))t 
€ 

SUM 
G(A(1),SF) € 

15  
 
 

0.802 
  

 
 
 

0 
  

 
 
 

306,000 
  

 
 
 

1,330,000 
  

 
 
 

8,763,300 
  

 
 
 

5,438,333 
  

 
 
 

4,960,967 
  

 
 
 

5,953,160 
  

 
 
 

5,953,160 
  

90,766,206 0.00  
 
 

2,209,798 
  

92,975,213 

16 96,719,366 0.00 98,928,373 

17 102,672,526 0.00 104,881,533 

18 108,625,687 0.00 110,834,694 

19 114,578,847 0.00 116,787,854 

20 120,532,008 0.00 122,741,015 

21 126,485,168 0.00 128,694,175 

22 132,438,328 0.00 134,647,335 

23 138,391,489 0.00 140,600,496 

24 144,344,649 0.00 146,553,656 

25 150,297,810 0.00 152,506,817 

26 156,250,970 0.00 158,459,977 

27 162,204,130 0.00 164,413,137 

28 168,157,291 0.00 170,366,298 

29 174,110,451 0.00 176,319,458 

30 180,063,612 0.00 182,272,619 
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Table A 13 Partial Factors inside Financial Risk Integral through Bayesian Analysis in Case Scenario A(0), to identify the Financial Stochastic Risk 

E[Y2] 

                                𝐄[𝐘(𝟏)𝟐] = [𝐦(𝛉𝟎)]
𝟐 + 𝛔𝟐 = [𝐦(𝛉𝟎)]

𝟐 + 𝟒 𝛉𝟎(𝟏 − 𝛉𝟎) 

                                 𝐄[𝐘(𝟐, 𝟑, 𝟒)𝟐] = [𝐦(𝛉𝟎)]
𝟐 + 𝛔𝟐 = [𝐦(𝛉𝟎)]

𝟐 + 𝟏𝟔 𝛉𝟎(𝟏 − 𝛉𝟎) 

                                 𝐄[𝐘(𝟓)𝟐] = [𝐦(𝛉𝟎)]
𝟐 + 𝛔𝟐 = [𝐦(𝛉𝟎)]

𝟐 + 𝟐𝟎 𝛉𝟎(𝟏 − 𝛉𝟎) 

L(A(0),Y(i)) 

𝐋(𝐀(𝟎), 𝐘(𝟏)) = 𝐊𝟏 𝐄{[𝐘(𝐢)]𝟐} 

𝐘(𝐢) = 𝐘(𝟏) = 𝟎. 𝟎𝟎𝟎𝟏𝟕𝟒 + 𝟒 ∗ 𝛉𝟎 ∗ (𝟏 − 𝛉𝟎), 𝟎 ≤ 𝐢 ≤ 𝟏 

                                𝐋(𝐀(𝟎), 𝐘(𝟐, 𝟑, 𝟒)) = 𝐊𝟏 𝐄{[𝐘(𝐢)]𝟐}  

    𝐘(𝐢) = 𝐘(𝟐, 𝟑, 𝟒) = 𝟎, 𝟎𝟎𝟎𝟏𝟕𝟒 + 𝟏𝟔 𝛉𝟎(𝟏 − 𝛉𝟎), 𝟏 ≤ 𝐢 ≤ 𝟒 

                                𝐋(𝐀(𝟎), 𝐘(𝟓)) = 𝐊𝟏 𝐄{[𝐘(𝐢)]𝟐} 

𝐘(𝐢) = 𝐘(𝟓) = 𝟎. 𝟎𝟎𝟎𝟏𝟕𝟒 + 𝟐𝟎 𝛉𝟎(𝟏 − 𝛉𝟎), 𝟒 ≤ 𝐢 

G(A(0),Y(i)) 

𝐆(𝐀(𝟎), 𝐘(𝟏)) = 𝐊𝟏 𝐟(𝐘(𝐢)) 𝐄{[𝐘(𝐢)]𝟐}             

𝐘(𝐢) = 𝐘(𝟏) = 𝟎. 𝟎𝟎𝟎𝟏𝟕𝟒 + 𝟒 𝛉𝟎 (𝟏 − 𝛉𝟎), 𝟎 ≤ 𝐢 ≤ 𝟏 

                                  𝐆(𝐀(𝟎), 𝐘(𝟐, 𝟑, 𝟒)) = 𝐊𝟏 𝐟(𝐘(𝐢)) 𝐄{[𝐘(𝐢)]𝟐}             

                                  𝐘(𝐢) = 𝐘(𝟐, 𝟑, 𝟒) = 𝟎. 𝟎𝟎𝟎𝟏𝟕𝟒 + 𝟏𝟔 𝛉𝟎(𝟏 − 𝛉𝟎), 𝟏 ≤ 𝐢 ≤ 𝟒  

                                  𝐆(𝐀(𝟎), 𝐘(𝟓)) = 𝐊𝟏 𝐟(𝐘(𝐢)) 𝐄{[𝐘(𝐢)]𝟐} 

𝐘(𝐢) = 𝐘(𝟓) = 𝟎. 𝟎𝟎𝟎𝟏𝟕𝟒 + 𝟐𝟎 𝛉𝟎(𝟏 − 𝛉𝟎), 𝟒 ≤ 𝐢 
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Table A 14 Partial Factors inside Financial Risk Integral through Bayesian Analysis in sub-cases A(1)1 and A(1)2 of the Case Scenario A(0), to identify the Financial Stochastic Risk 

E[Y2] 

                                              𝐄[𝐘(𝟏)𝟐] = [𝐦(𝛉𝟎)]
𝟐 + 𝛔𝟐 = [𝐦(𝛉𝟎)]

𝟐 + 𝟒 𝛉𝟎(𝟏 − 𝛉𝟎) 

                                              𝐄[𝐘(𝟐, 𝟑, 𝟒)𝟐] = [𝐦(𝛉𝟎)]
𝟐 + 𝛔𝟐 = [𝐦(𝛉𝟎)]

𝟐 + 𝟏𝟔 𝛉𝟎(𝟏 − 𝛉𝟎) 

                                              𝐄[𝐘(𝟓)𝟐] = [𝐦(𝛉𝟎)]
𝟐 + 𝛔𝟐 = [𝐦(𝛉𝟎)]

𝟐 + 𝟐𝟎 𝛉𝟎(𝟏 − 𝛉𝟎) 

L(A(1)1,2,Y(i))Total 

                                                 𝐋(𝐀(𝟏)𝟏,𝟐 , 𝐘(𝟏)) = 𝐊𝟏 𝐄{[𝐘(𝟏)]
𝟐}, 

                                                 𝐘(𝐢) = 𝐘(𝟏) = 𝟎. 𝟎𝟎𝟎𝟏𝟕𝟒 + 𝟒 𝛉𝟎 (𝟏 − 𝛉𝟎), 𝟎 ≤ 𝐢 ≤ 𝟏 

                                                                     𝐋(𝐀(𝟏)𝟏,𝟐 , 𝐘(𝟐, 𝟑, 𝟒)) = 𝐊𝟏 𝐄{[𝐘(𝟐, 𝟑, 𝟒)]
𝟐
} 

                                                                     𝐘(𝐢) = 𝐘(𝟐, 𝟑, 𝟒) = 𝟎. 𝟎𝟎𝟎𝟏𝟕𝟒 + 𝟏𝟔 𝛉𝟎 (𝟏 − 𝛉𝟎), 𝟏 < 𝐢 ≤ 𝟒  

                                              𝐋(𝐀(𝟏)𝟏,𝟐 , 𝐘(𝟓)) = 𝐊𝟏 𝐄{[𝐘(𝟓)]
𝟐} 

                                              𝐘(𝐢) = 𝐘(𝟓) = 𝟎. 𝟎𝟎𝟎𝟏𝟕𝟒 + 𝟐𝟎 𝛉𝟎 (𝟏 − 𝛉𝟎), 𝟒 < 𝐢 

Ε[G(A(1)1,2,Y(i))] 

                                            𝐆(𝐀(𝟏)𝟏,𝟐 , 𝐘(𝟏)) = 𝐊𝟏 𝐟(𝐘(𝐢)) 𝐄{[𝐘(𝐢)]
𝟐
} 

                                            𝚬[𝐘(𝐢)] = 𝐘(𝟏) = 𝟎. 𝟎𝟎𝟎𝟏𝟕𝟒 + 𝟒 𝛉
𝟎
 (𝟏 − 𝛉

𝟎
), 𝟎 ≤ 𝐢 ≤ 𝟏 

                                            𝐆(𝐀(𝟏)𝟏,𝟐 , 𝐘(𝟐, 𝟑, 𝟒)) = 𝐊𝟏 𝐟(𝐘(𝐢)) 𝐄{𝚼(𝛊)}𝟐 

                                            𝚬[𝐘(𝐢)] = 𝐘(𝟐, 𝟑, 𝟒) = 𝟎. 𝟎𝟎𝟎𝟏𝟕𝟒 + 𝟏𝟔 𝛉
𝟎(𝟏 − 𝛉𝟎

), 𝟏 < 𝐢 ≤ 𝟒 

                                            𝐆(𝐀(𝟏)𝟏,𝟐 , 𝐘(𝟓)) = 𝐊𝟏 𝐟(𝐘(𝐢)) 𝐄{[𝐘(𝐢)]
𝟐} 

                                            𝚬[𝐘(𝐢)] = 𝐘(𝟓) = 𝟎. 𝟎𝟎𝟎𝟏𝟕𝟒 + 𝟐𝟎 𝛉
𝟎(𝟏 − 𝛉𝟎

), 𝟒 < 𝐢 
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Table A 15 Partial Factors inside Financial Risk Integral through Bayesian Analysis in sub-cases A(1)3 to A(1)5 of the Case Scenario A(1), to identify the Financial Stochastic Risk 

E[Y]  

𝐄[𝐘(𝟏)] = 𝟒𝛉𝟎 

𝐄[𝐘(𝟐, 𝟑,… 𝐧)] = (𝟖, 𝟏𝟐, . . 𝐧)𝛉𝟎 

L(A(1)3,4,5,Y(i))Total 

𝐋(𝐀(𝟏)𝟑,𝟒 ,𝟓 , 𝐘(𝟏)) = 𝐊𝟏 𝐄[𝐘(𝟏)],   𝟎 ≤ 𝐢 ≤ 𝟏  

                                                                  𝐋(𝐀(𝟏)𝟑,𝟒 ,𝟓 , 𝐘(𝟐, 𝟑, 𝟒,… 𝐧)) = 𝐊𝟏 𝐄[𝐘(𝟐, 𝟑, . . 𝐧)],     𝟏 ≤ 𝐢 ≤ 𝐧 

E[G(A(1)3,4,5,Y(i))] 

                                                                  𝐆(𝐀(𝟏)𝟑,𝟒 ,𝟓 , 𝐘(𝟏)) = 𝐊𝟏  𝐟(𝐘(𝟏))𝐄{[𝐘(𝟏)]},    𝟎 ≤ 𝐢 ≤ 𝟏 

                                                                  𝐆(𝐀(𝟏)𝟑,𝟒 ,𝟓 , 𝐘(𝟐, 𝟑, 𝟒,… 𝐧)) = 𝐊𝟏 𝐟(𝐘(𝟐, 𝟑, . . 𝐧)) 𝐄{[𝐘(𝟐, 𝟑, . . 𝐧)]}, 𝟏 ≤ 𝐢 ≤ 𝐧 
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Table A 16 Comparative Evaluation of the Financial Risk Indicator – LTP for all sub-cases of the Case Scenario A(1) to the opposite Case Scenario A(0) 

Financial Risk Indicator -LTP 

Years LTP 

(i) A(0) - A(1)1 A(1)1 - A(0) A(0) - A(1)2 A(1)2 - A(0) A(0) - A(1)3 A(1)3 - A(0) A(0) - A(1)4 A(1)4 - A(0) A(0) - A(1)5 A(1)5 - A(0) 

1 0.001 1637.389 0.001 1637.389 0.001 1623.239 0.001 1623.239 0.000 2080.452 

2 0.222 4.509 0.401 2.496 0.225 4.435 0.225 4.436 0.195 5.132 

3 0.306 3.263 0.801 1.249 0.312 3.200 0.312 3.200 0.282 3.549 

4 0.351 2.848 1.201 0.833 0.359 2.788 0.359 2.788 0.331 3.021 

5 4.530 0.221 19.139 0.052 4.631 0.216 4.631 0.216 4.338 0.231 

6 7.370 0.136 37.078 0.027 7.539 0.133 7.539 0.133 7.134 0.140 

7 9.425 0.106 55.017 0.018 9.646 0.104 9.646 0.104 9.196 0.109 

8 10.981 0.091 72.956 0.014 11.243 0.089 11.243 0.089 10.779 0.093 

9 12.201 0.082 90.894 0.011 12.495 0.080 12.495 0.080 12.033 0.083 

10 13.182 0.076 108.833 0.009 13.503 0.074 13.503 0.074 13.051 0.077 

11 13.989 0.071 126.772 0.008 14.332 0.070 14.332 0.070 13.894 0.072 

12 14.664 0.068 144.711 0.007 15.026 0.067 15.026 0.067 14.603 0.068 

13 15.237 0.066 162.649 0.006 15.615 0.064 15.615 0.064 15.208 0.066 

14 15.729 0.064 180.588 0.006 16.122 0.062 16.122 0.062 15.730 0.064 

15 16.157 0.062 198.527 0.005 16.562 0.060 16.562 0.060 16.185 0.062 

16 16.532 0.060 216.466 0.005 16.948 0.059 16.948 0.059 16.586 0.060 

17 16.864 0.059 234.404 0.004 17.290 0.058 17.289 0.058 16.941 0.059 

18 17.159 0.058 252.343 0.004 17.594 0.057 17.593 0.057 17.258 0.058 

19 17.424 0.057 270.282 0.004 17.866 0.056 17.866 0.056 17.542 0.057 

20 17.662 0.057 288.221 0.003 18.111 0.055 18.111 0.055 17.799 0.056 

21 17.878 0.056 306.159 0.003 18.334 0.055 18.334 0.055 18.032 0.055 

22 18.075 0.055 324.098 0.003 18.536 0.054 18.536 0.054 18.245 0.055 

23 18.255 0.055 342.037 0.003 18.721 0.053 18.721 0.053 18.440 0.054 

24 18.420 0.054 359.975 0.003 18.891 0.053 18.891 0.053 18.618 0.054 

25 18.571 0.054 377.914 0.003 19.047 0.053 19.047 0.053 18.783 0.053 

26 18.711 0.053 395.853 0.003 19.192 0.052 19.192 0.052 18.936 0.053 

27 18.841 0.053 413.792 0.002 19.326 0.052 19.326 0.052 19.077 0.052 

28 18.962 0.053 431.730 0.002 19.450 0.051 19.450 0.051 19.208 0.052 

29 19.075 0.052 449.669 0.002 19.566 0.051 19.566 0.051 19.331 0.052 

30 19.180 0.052 467.608 0.002 19.674 0.051 19.674 0.051 19.446 0.051 
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Table A 17 Comparative Evaluation of the Financial Risk Indicator – ERR for all sub-cases of the Case Scenario A(1) to the opposite Case Scenario A(0) 

Financial Risk Indicator - ERR 

Years ERR 

(i) A(0) - A(1)1 A(1)1 - A(0) A(0) - A(1)2 A(1)2 - A(0) A(0) - A(1)3 A(1)3 - A(0) A(0) - A(1)4 A(1)4 - A(0) A(0) - A(1)5 A(1)5 - A(0) 

1 0.999 -1636.389 0.999 -1636.389 0.999 -1622.239 0.999 -1622.239 1.000 -2079.452 

2 0.778 -3.509 0.599 -1.496 0.775 -3.435 0.775 -3.436 0.805 -4.132 

3 0.694 -2.263 0.199 -0.249 0.688 -2.200 0.688 -2.200 0.718 -2.549 

4 0.649 -1.848 -0.201 0.167 0.641 -1.788 0.641 -1.788 0.669 -2.021 

5 -3.530 0.779 -18.139 0.948 -3.631 0.784 -3.631 0.784 -3.338 0.769 

6 -6.370 0.864 -36.078 0.973 -6.539 0.867 -6.539 0.867 -6.134 0.860 

7 -8.425 0.894 -54.017 0.982 -8.646 0.896 -8.646 0.896 -8.196 0.891 

8 -9.981 0.909 -71.956 0.986 -10.243 0.911 -10.243 0.911 -9.779 0.907 

9 -11.201 0.918 -89.894 0.989 -11.495 0.920 -11.495 0.920 -11.033 0.917 

10 -12.182 0.924 -107.833 0.991 -12.503 0.926 -12.503 0.926 -12.051 0.923 

11 -12.989 0.929 -125.772 0.992 -13.332 0.930 -13.332 0.930 -12.894 0.928 

12 -13.664 0.932 -143.711 0.993 -14.026 0.933 -14.026 0.933 -13.603 0.932 

13 -14.237 0.934 -161.649 0.994 -14.615 0.936 -14.615 0.936 -14.208 0.934 

14 -14.729 0.936 -179.588 0.994 -15.122 0.938 -15.122 0.938 -14.730 0.936 

15 -15.157 0.938 -197.527 0.995 -15.562 0.940 -15.562 0.940 -15.185 0.938 

16 -15.532 0.940 -215.466 0.995 -15.948 0.941 -15.948 0.941 -15.586 0.940 

17 -15.864 0.941 -233.404 0.996 -16.290 0.942 -16.289 0.942 -15.941 0.941 

18 -16.159 0.942 -251.343 0.996 -16.594 0.943 -16.593 0.943 -16.258 0.942 

19 -16.424 0.943 -269.282 0.996 -16.866 0.944 -16.866 0.944 -16.542 0.943 

20 -16.662 0.943 -287.221 0.997 -17.111 0.945 -17.111 0.945 -16.799 0.944 

21 -16.878 0.944 -305.159 0.997 -17.334 0.945 -17.334 0.945 -17.032 0.945 

22 -17.075 0.945 -323.098 0.997 -17.536 0.946 -17.536 0.946 -17.245 0.945 

23 -17.255 0.945 -341.037 0.997 -17.721 0.947 -17.721 0.947 -17.440 0.946 

24 -17.420 0.946 -358.975 0.997 -17.891 0.947 -17.891 0.947 -17.618 0.946 

25 -17.571 0.946 -376.914 0.997 -18.047 0.947 -18.047 0.947 -17.783 0.947 

26 -17.711 0.947 -394.853 0.997 -18.192 0.948 -18.192 0.948 -17.936 0.947 

27 -17.841 0.947 -412.792 0.998 -18.326 0.948 -18.326 0.948 -18.077 0.948 

28 -17.962 0.947 -430.730 0.998 -18.450 0.949 -18.450 0.949 -18.208 0.948 

29 -18.075 0.948 -448.669 0.998 -18.566 0.949 -18.566 0.949 -18.331 0.948 

30 -18.180 0.948 -466.608 0.998 -18.674 0.949 -18.674 0.949 -18.446 0.949 
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Table A 18 Comparative Evaluation of the Financial Risk Indicators CBA and IRR for all sub-cases of the Case Scenario A(1) to the opposite Case Scenario A(0) 

Financial Risk Indicator – CBA (B/C) 

Years CBA 

(i) A(0) - A(1)1 A(1)1 - A(0) A(0) - A(1)2 A(1)2 - A(0) A(0) - A(1)3 A(1)3 - A(0) A(0) - A(1)4 A(1)4 - A(0) A(0) - A(1)5 A(1)5 - A(0) 

1 817.695 0.999 817.695 0.999 810.619 0.999 810.619 0.999 1039.226 0.999 

2 1.254 0.556 0.248 0.110 1.218 0.549 1.218 0.549 1.566 0.610 

3 0.632 0.387 0.375 0.231 0.600 0.375 0.600 0.375 0.775 0.436 

4 0.424 0.298 0.584 0.411 0.394 0.283 0.394 0.283 0.510 0.338 

5 0.890 8.060 0.974 8.883 0.892 8.262 0.892 8.262 0.885 7.676 

6 0.932 13.739 0.987 14.683 0.934 14.078 0.934 14.077 0.930 13.268 

7 0.947 17.850 0.991 18.904 0.948 18.292 0.948 18.291 0.946 17.391 

8 0.954 20.963 0.993 22.114 0.956 21.486 0.956 21.485 0.954 20.558 

9 0.959 23.402 0.994 24.636 0.960 23.990 0.960 23.989 0.958 23.066 

10 0.962 25.365 0.995 26.671 0.963 26.006 0.963 26.006 0.962 25.102 

11 0.964 26.978 0.996 28.347 0.965 27.664 0.965 27.664 0.964 26.787 

12 0.966 28.328 0.997 29.751 0.967 29.052 0.967 29.052 0.966 28.205 

13 0.967 29.474 0.997 30.945 0.968 30.231 0.968 30.230 0.967 29.415 

14 0.968 30.459 0.997 31.972 0.969 31.244 0.969 31.243 0.968 30.460 

15 0.969 31.315 0.997 32.866 0.970 32.124 0.970 32.124 0.969 31.370 

16 0.970 32.065 0.998 33.650 0.970 32.896 0.970 32.896 0.970 32.171 

17 0.970 32.728 0.998 34.343 0.971 33.579 0.971 33.579 0.970 32.881 

18 0.971 33.319 0.998 34.962 0.972 34.187 0.972 34.187 0.971 33.515 

19 0.971 33.848 0.998 35.516 0.972 34.732 0.972 34.732 0.971 34.084 

20 0.972 34.325 0.998 36.015 0.972 35.223 0.972 35.223 0.972 34.598 

21 0.972 34.757 0.998 36.468 0.973 35.668 0.973 35.667 0.972 35.065 

22 0.972 35.150 0.998 36.881 0.973 36.073 0.973 36.072 0.973 35.490 

23 0.973 35.509 0.999 37.258 0.973 36.443 0.973 36.442 0.973 35.879 

24 0.973 35.839 0.999 37.604 0.974 36.782 0.974 36.782 0.973 36.237 

25 0.973 36.143 0.999 37.922 0.974 37.095 0.974 37.095 0.973 36.566 

26 0.973 36.423 0.999 38.217 0.974 37.384 0.974 37.384 0.974 36.871 

27 0.973 36.683 0.999 38.490 0.974 37.651 0.974 37.651 0.974 37.154 

28 0.974 36.924 0.999 38.744 0.974 37.900 0.974 37.900 0.974 37.417 

29 0.974 37.149 0.999 38.980 0.974 38.132 0.974 38.132 0.974 37.662 

30 0.974 37.359 0.999 39.201 0.975 38.348 0.975 38.348 0.974 37.891 
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Internal Rate of Return Indicator 

Years IRR % 

(i) 
Differential  
Investment € 
A(1)1 - A(0) 

IRR  
A(1)1-A(0) 

Differential  
Investment  
€ 
A(1)2 - A(0) 

IRR 
A(1)2-A(0) 

Differential  
Investment  
€ 
A(1)3 - A(0) 

IRR 
A(1)3-A(0) 

Differential  
Investment  
€ 
A(1)4 - A(0) 

IRR 
A(1)4-A(0) 

Differential  
Investment  
€ 
A(0) - A(1)5 

IRR 
A(1)5-A(0) 

1 -7,570,651  -7,570,651  -7,505,146  -7,505,146  -7,412,702  

2 -47,316  -29,062  110,524  109,459  110,633  

3 -47,316  -29,062  110,634  110,633  110,633  

4 -47,316  -29,062  110,634  110,634  110,633  

5 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

6 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

7 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

8 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

9 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

10 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

11 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

12 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

13 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

14 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

15 265,837,059 173 265,995,009 173 265,995,009 174 265,995,009 174 266,987,202 175 

16 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

17 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

18 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

19 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

20 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

21 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

22 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

23 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

24 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

25 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

26 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

27 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

28 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

29 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  

30 265,837,059  265,995,009  265,995,009  265,995,009  266,987,202  
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Table A 19 Stochastic Risk Assessment Results. Indicators R(A(0) or A(1)1-5,Y(i)), R(A(0) or A(1)1-5,θ(0)), and Stochastic Risk Matrix of the Comparable CBA Risk Ratios for all 
examined Cases describing Degree of Risk 

Grade of the Stochastic  
Risk Assessment based on the  
Corresponding Total Goal Function 

Case Scenario A(0) 
Case Scenario A(1) 
sub-case A(1)1 

Case Scenario A(1) 
sub-case A(1)2 

Case Scenario A(1) 
sub-case A(1)3 

Case Scenario A(1) 
sub-case A(1)4 

Case Scenario A(1) 
sub-case A(1)5 

Period R(A(0),θ(0)) R(A(1)1,θ(0)) R(A(1)2,θ(0)) R(A(1)3,θ(0)) R(A(1)4,θ(0)) R(A(1)5,θ(0)) 

1st Class (1st Year) 5 

0.043 

0.043 

0.54 

0.54 0.54 

2nd Class (2nd – 4th Year) 6 0.129 1.6 
0.011 

3rd Class (over the 5th Year) 12 0.121 1.8 

∑ R(θ(0)) 23 0.043 0.29 0.54 3.94 0.551 

Total Grade of the Stochastic 
Financial Risk Assessment (€) 

Case Scenario A(0) 
Case Scenario A(1) 
sub-case A(1)1 

Case Scenario A(1) 
sub-case A(1)2 

Case Scenario A(1) 
sub-case A(1)3 

Case Scenario A(1) 
sub-case A(1)4 

Case Scenario A(1) 
sub-case A(1)5 

Period R(A(0),Y(i)) R(A(1)1,Y(i)) R(A(1)2,Y(i)) R(A(1)3,Y(i)) R(A(1)4,Y(i)) R(A(1)5,Y(i)) 

1st Class (1st Year) 1,872,000 

335,243 

335,243  
4,210,034 

4,210,034 5,200,722 

2nd Class (2nd – 4th Year) 2,246,400 816,255 10,124,096 89,787 

3rd Class (over the 5th Year) 4,492,800 765,635 11,389,608 

∑ R(A(0) or A(1)1-5, Y(i)) 8,611,200 335,243 1,917,133 4,210,034 25,723,738 5,290,509 

CBA Risk Ratios [A(0)-A(1)1-5] and  
[A(1)1-5-A(0)] of the Total  
Stochastic Financial Risk Assessment 

Case Scenario A(0) 
Case Scenario A(1) 
sub-case A(1)1 

Case Scenario A(1) 
sub-case A(1)2 

Case Scenario A(1) 
sub-case A(1)3 

Case Scenario A(1) 
sub-case A(1)4 

Case Scenario A(1) 
sub-case A(1)5 

Case Scenario A(0) 
∑R(A(0),Y(i))

∑R(A(0),Y(i))
=1 

∑R(A(1)1,Y(i))

∑R(A(0),Y(i))
= 0.039  

∑R(A(1)2,Y(i))

∑R(A(0),Y(i))
 =0.223  

∑R(A(1)3,Y(i))

∑R(A(0),Y(i))
 =0.489 

∑R(A(1)4,Y(i))

∑R(A(0),Y(i))
 =2.987 

∑R(A(1)5,Y(i))

∑R(A(0),Y(i))
 =0.614 

Case Scenario 
A(1) sub-case A(1)1 

∑R(A(0),Y(i))

∑R(A(1)1,Y(i))
=25.686 

∑R(A(1)1,Y(i))

∑R(A(1)1,Y(i))
=1 

∑R(A(1)2,Y(i))

∑R(A(1)1,Y(i))
=5.719 

∑R(A(1)3,Y(i))

∑R(A(1)1,Y(i))
=12.558 

∑R(A(1)4,Y(i))

∑R(A(1)1,Y(i))
=76.732 

∑R(A(1)5,Y(i))

∑R(A(1)1,Y(i))
=15.781 

Case Scenario  
A(1) sub-case A(1)2 

∑R(A(0),Y(i))

∑R(A(1)2,Y(i))
=4.492 

∑R(A(1)1,Y(i))

∑R(A(1)2,Y(i))
=0.175 

∑R(A(1)2,Y(i))

∑R(A(1)2,Y(i))
=1 

∑R(A(1)3,Y(i))

∑R(A(1)2,Y(i))
=2.196 

∑R(A(1)4,Y(i))

∑R(A(1)2,Y(i))
=13.418 

∑R(A(1)5,Y(i))

∑R(A(1)2,Y(i))
=2.760 

Case Scenario  
A(1) sub-case A(1)3 

∑R(A(0),Y(i))

∑R(A(1)3,Y(i))
=2.045 

∑R(A(1)1,Y(i))

∑R(A(1)3,Y(i))
=0.08 

∑R(A(1)2,Y(i))

∑R(A(1)3,Y(i))
=0.455 

∑R(A(1)3,Y(i))

∑R(A(1)3,Y(i))
=1 

∑R(A(1)4,Y(i))

∑R(A(1)3,Y(i))
=6.110 

∑R(A(1)5,Y(i))

∑R(A(1)3,Y(i))
=1.257 

Case Scenario  
A(1) sub-case A(1)4 

∑R(A(0),Y(i))

∑R(A(1)4,Y(i))
=0.335 

∑R(A(1)1,Y(i))

∑R(A(1)4,Y(i))
=0.013 

∑R(A(1)2,Y(i))

∑R(A(1)4,Y(i))
=0.075 

∑R(A(1)3,Y(i))

∑R(A(1)4,Y(i))
=0.164 

∑R(A(1)4,Y(i))

∑R(A(1)4,Y(i))
=1 

∑R(A(1)5,Y(i))

∑R(A(1)4,Y(i))
=0.206 

Case Scenario 
A(1) sub-case A(1)5 

∑R(A(0),Y(i))

∑R(A(1)5,Y(i))
=1.628 

∑R(A(1)1,Y(i))

∑R(A(1)5,Y(i))
=0.063 

∑R(A(1)2,Y(i))

∑R(A(1)5,Y(i))
=0.362 

∑R(A(1)3,Y(i))

∑R(A(1)5,Y(i))
=0.796 

∑R(A(1)4,Y(i))

∑R(A(1)5,Y(i))
=4.862 

∑R(A(1)5,Y(i))

∑R(A(1)5,Y(i))
=1 
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Table A 20 Grades of Risks of Case A(0) and sub-cases A(1)1-5 of the Case Scenario A(1), calculated by CBA and SRA 

CBA Approach-Grades of Financial Risks  SRA Approach-Grades of Risk based on the corresponding Theoretical Loss Functions 

A(0) A(1)1 A(1)2 A(1)3 A(1)4 A(1)5 A(0) A(1)1 A(1)2 A(1)3 A(1)4 A(1)5 

G(A(0),Y(30))
Total

G(A(0),Y(5))
Total

  
G(A(1)1,Y(30))Total

G(A(1)1,Y(5))Total
  

 
G(A(1)2,Y(30))Total

G(A(1)2,Y(5))Total
  

G(A(1)3,Y(30))Total

G(A(1)3,Y(5))Total
  

G(A(1)4,Y(30))Total

G(A(1)4,Y(5))Total
  

G(A(1)5,Y(30))Total

G(A(1)5,Y(5))Total
  

∑R(A(0),Y(i))

L(A(0),Y(1))
  

∑R(A(1)1,Y(i))

L(A(0),Y(1))
  

∑R(A(1)2,Y(i))

L(A(0),Y(1))
  

∑R(A(1)3,Y(i))

L(A(0),Y(1))
  

∑R(A(1)4,Y(i))

L(A(0),Y(1))
  

∑R(A(1)5,Y(i))

G(A(1)5,Y(1))t
  

24.43 5.77 5.68 5.75 5.75 5.45 23 0.9 5.12 11.2 68.7 5 

Deviations % among CBA - SRA 

A(0) A(1)1 A(1)2 A(1)3 A(1)4 A(1)5 

6.21 84.4 9.8 94.7 1094.8 8.2 
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Table A 21 Calculated Stochastic Risk Grade through Stochastic Risk Integrals for the Case Scenario A(0) using MathCad Software Application_Version_10.0.1.0 

Stochastic  
Risk Assessment Grade 
 

Case Scenario A(0) 

Period R(A(0),θ(0)) 

1st Class  
(1st Year) 

 

2nd Class  
(2nd – 4th Year) 

 

3rd Class  
(> 5th Year) 

 

∑ R(θ(0)) 23 
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Table A 22 Calculated Stochastic Risk Grade through Stochastic Risk Integral for the sub-case A(1)1 of the Case Scenario A(1) using MathCad Software Application_Version_10.0.1.0 

Stochastic  
Risk Assessment Grade 

Case Scenario A(1) 
sub-case A(1)1 

Period R(A(1)1, θ(0)) 

1st Class  
(>1st Year) 

 

∑ R(θ(0)) 0.0439 
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Table A 23 Calculated Stochastic Risk Grade through Stochastic Risk Integrals for the sub-case A(1)2 of the Case Scenario A(1) using MathCad Software Application_Version_10.0.1.0 

Stochastic  
Risk Assessment Grade 

Case Scenario A(1) 
sub-case A(1)2 

Period R(A(1)2, θ(0)) 

1st Class  
(1st Year) 

 

2nd Class  
(2nd – 4th Year) 

 

3rd Class  
(> 5th Year) 

 

∑ R(θ(0)) 0.293 
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Table A 24 Calculated Stochastic Risk Grade through Stochastic Risk Integral for the sub-case A(1)3 of the Case Scenario A(1) using MathCad Software Application_Version_10.0.1.0 

Stochastic  
Risk Assessment Grade 
 

Case Scenario A(1) 
sub-case A(1)3 

Period R(A(1)3, θ(0)) 

1st Class  
(>1st Year) 

 

∑ R(θ(0)) 0.54 
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Table A 25 Calculated Stochastic Risk Grade through Stochastic Risk Integrals for the sub-case A(1)4 of the Case Scenario A(1) using MathCad Software Application_Version_10.0.1.0 

Stochastic  
Risk Assessment Grade 
 

Case Scenario A(1) 
sub-case A(1)4 

Period R(A(1)4, θ(0)) 

1st Class  
(1st Year) 

 

2nd Class  
(2nd – 4th Year) 

 

3rd Class  
(> 5th Year) 

 

∑ R(θ(0)) 3.94 
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Table A 26 Calculated Stochastic Risk Grade through Stochastic Risk Integrals for the sub-case A(1)5 of the Case Scenario A(1) using MathCad Software Application_Version_10.0.1.0 

Stochastic  
Risk Assessment Grade 
 

Case Scenario A(1) 
sub-case A(1)5 

Period R(A(1)5, θ(0)) 

1st Class  
(1st Year) 

 

2nd Class  
(>2nd Year) 

 

∑ R(θ(0)) 0.559 

 



 

 


