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Diss. Lappeenranta-Lahti University of Technology LUT 

ISBN 978-952-335-841-6, ISBN 978-952-335-842-3 (PDF), ISSN 1456-4491 (Print), ISSN 

2814-5518 (Online) 
 

The mining industry consumes water and energy to produce a metal or mineral product 

from mineral resources on the earth’s crust, leaving enormous waste. The main waste 

produced by the mining industry is mine tailings, which generally consist of a slurry 

containing water and reagents used in the processes and crushed ore. Tailings are usually 

stored in dams that can threaten the environment since they can pollute soil, water bodies 

and nearby communities. Water is used in most mining processes, as well as in the 

management of tailings. Since most mines are located in arid zones, reducing water 

consumption is crucial for the efficient use of water resources. The mining industry has 

improved water and energy efficiency and strengthened tailings disposal. Nevertheless, 

considerable effort is still needed to ensure the sustainable development of the mining 

sector. 

This dissertation aims to develop methods and tools to advance sustainable development 

in mining, focusing on water and tailings management. The strategies and tools proposed 

can be applied in mining processes to mitigate environmental impacts and enable the 

sustainable development of this industry. Methods used in this dissertation include 

mathematical optimisation, economic valuation methods and sensitivity and uncertainty 

analyses. 

To improve water management for mining companies, we proposed a method to supply 

water to several mine sites with the option of producing energy in the network. Another 

contribution was a framework to improve the water-energy nexus in mine sites, focusing 

on tailings disposal technologies. The methods used to accomplish this goal were a water 

reduction model, real options approach, and sensitivity and uncertainty analyses. Results 

show that an integrated system to supply water for mining companies, including energy 

production in the network, can be cheaper than an independent supply for each company. 

Moreover, dewatering technologies for tailings will reduce the water requirement to the 

mine site, reducing overall costs and reducing energy consumption in water transport and 

treatment.  

To improve mine tailings management, besides the use of dewatering technologies to 

recover water, the reprocessing of tailings is proposed to recover critical raw materials 

(CRMs) since some tailings contain quantities of them. A framework is applied, that 

includes quantifying CRMs in tailings, economic assessment using the discounted cash 



 

flow (DCF) method, and a real options approach with sensitivity and uncertainty analyses. 

Results show that tailings have quantities of CRMs. Tailings can be a secondary source 

of these materials in the future, under the right conditions of capital expenditure, operating 

expenditure and prices. 

This dissertation provides a collection of methods to improve tailings and water 

management in mining. This study’s novelty consists of considering both water and 

tailings to enhance the management of tailings and water supply to mine companies by 

considering the energy component of water treatment, transport and water used in tailings 

disposal. In addition, the possibility of obtaining CRMs from tailings is studied using an 

economic approach that introduces real options analysis to complement traditional 

valuation tools. The importance of this dissertation relies on proposing methods and tools 

to guide mining towards more sustainable water and tailings management that includes 

recovery of water and CRMs from tailings.  

Keywords: water management, mine tailings management, mine tailings valorisation, 

circular economy, sustainable development, sustainability, water distribution networks, 

critical raw materials, real options analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Resumen 

La industria minera consume agua y energía para producir un metal o un producto mineral 

a partir de recursos minerales en la corteza terrestre, dejando enormes cantidades de 

desechos. El principal residuo producido por la industria minera son los relaves mineros, 

que generalmente consisten en una pulpa que contiene agua y reactivos utilizados en los 

procesos y minerales triturados. Los relaves generalmente se almacenan en embalses o 

tranques donde pueden amenazar el medio ambiente contaminando el suelo, ríos, lagos y 

las comunidades cercanas. El agua se utiliza en la mayoría de los procesos mineros, así 

como en el manejo de relaves. Dado que la mayoría de los sitios mineros están ubicados 

en zonas áridas, reducir el consumo de agua es crucial para lograr un uso eficiente de los 

recursos hídricos. La industria minera ha mejorado la eficiencia del agua y la energía y 

ha fortalecido el manejo y disposición de relaves. Sin embargo, todavía se necesita un 

esfuerzo considerable para asegurar el desarrollo sostenible del sector minero. 

Esta tesis tiene como objetivo desarrollar métodos y herramientas para promover el 

desarrollo sostenible en la minería, centrándose en la gestión del agua y los relaves 

mineros. Las estrategias y herramientas propuestas pueden ser aplicadas en los procesos 

mineros para mitigar los impactos ambientales y posibilitar el desarrollo sostenible de 

este sector industrial. Los métodos utilizados en esta tesis incluyen optimización 

matemática, métodos de evaluación económica y análisis de sensibilidad e incertidumbre. 

Para mejorar la gestión y uso de agua en las plantas mineras, propusimos un método para 

abastecer de agua a varios sitios mineros con la opción de producir energía en la red. Otra 

contribución fue un procedimiento para mejorar el nexo agua-energía en los sitios 

mineros, centrándose en las tecnologías emergentes de disposición de relaves. Los 

métodos utilizados para lograr este objetivo son un modelo de reducción de agua, un 

enfoque de opciones reales y análisis de sensibilidad e incertidumbre. Los resultados 

muestran que un sistema integrado de abastecimiento de agua para empresas mineras, 

incluyendo la producción de energía en la red, puede resultar más económico que un 

abastecimiento independiente para cada empresa. Además, las tecnologías emergentes de 

disposición de relaves, como relaves espesados y filtrados, reducirán el requerimiento de 

agua en la planta minera, reduciendo los costos generales y el consumo de energía en el 

transporte y tratamiento del agua. 

Para mejorar la gestión de relaves mineros, además del uso de tecnologías emergentes 

para la disposición de relaves que disminuyen el porcentaje de agua en los relaves, se 

propone reprocesar relaves para recuperar materias primas fundamentales (Critical Raw 

Materials en inglés, CRMs), ya que algunos relaves contienen cantidades de ellas. Para 

lograr dicho objetivo se desarrolló un procedimiento que incluye la cuantificación de 

CRM en relaves, evaluación económica mediante el método de descuentos de flujo de 

caja (DCF) y un enfoque de opciones reales con análisis de sensibilidad e incertidumbre. 

Los resultados muestran que los relaves tienen cantidades de CRM y que pueden ser una 

fuente secundaria de estas materias primas en el futuro, bajo las condiciones adecuadas 

de gastos de capital, gastos operativos y precios. 



 

Esta tesis proporciona una colección de métodos para mejorar la gestión de relaves y agua 

en la minería. La novedad de este estudio consiste en la consideración tanto de los 

recursos hídricos como de los relaves, además del componente energético del tratamiento 

y transporte del agua y el uso de agua en la disposición de los relaves, para mejorar el 

manejo de estos y el suministro de agua a las plantas mineras. Además, se estudió la 

posibilidad de obtener CRMs a partir de relaves usando un enfoque económico que 

introduce el análisis de opciones reales para complementar las herramientas de evaluación 

económica tradicionales. La importancia de este estudio radica en proponer métodos y 

herramientas para guiar a la minería hacia una gestión más sostenible del agua y los 

relaves que incluya la recuperación de agua y CRM de los relaves. 

Palabras clave: relaves mineros, reprocesamiento de relaves mineros, economía circular, 

desarrollo sostenible, sustentabilidad, redes de distribución de agua, suministro de agua, 

materias primas fundamentales, análisis de opciones reales. 
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1. Introduction  

1.1 Background  

Mining is an industry that, nowadays, is crucial to ensuring the well-being of modern 

society. Moreover, mining has been present in civilisation since ancient times. Mining 

activities are usually located in semi-arid or arid areas where water resources are scarce 

and in locations with difficult access (Cisternas and Gálvez, 2018; Herrera-León et al., 

2019; Ramírez et al., 2019). Mining generates enormous amounts of waste, considering 

that ore grades of metals represent an infimum percentage of all the ore mined and 

processed.  

In recent decades, environmental and social awareness of resources has increased. 

Nowadays, terms like “sustainable development”, “circular economy”, and 

“sustainability” relate to different fields, and mining is no exception (Adibi et al., 2015; 

Caron et al., 2016; Dong et al., 2019; Gorman and Dzombak, 2018; Lottermoser, 2011; 

Reyes-Bozo et al., 2014). There are several definitions of sustainability; one of the most 

widely accepted is found in the Brundtland Report (1987), which is: “Sustainable 

development is the development that meets the needs of the present without 

compromising the ability of future generations to meet their own needs” (Munier, 2005). 

Meanwhile, a circular economy is a model that seeks to restore and regenerate, the 

opposite of the linear economy, using principles of reusing, recovery, and recycling. It is 

about looking beyond the lineal economy model of taking resources while producing 

waste with no value (Kirchherr et al., 2017). n mining, the circular economy advocates 

for reducing primary resource extraction by replacing it with secondary sources, reducing 

raw water intake by reusing or recycling water, reducing energy dependency, reducing 

the environmental footprint, and reducing greenhouse gas emissions (Lèbre et al., 2017a). 

Therefore, researchers need to explore the mining industry’s contribution to the circular 

economy paradigm and identify strategies to transition to a more sustainable sector (Lèbre 

et al., 2017a). The mining industry has not achieved sustainability, and there is no 

consensus on what sustainability means for mining. Hence there is a need to propose a 

definition for the mining sector (Segura-Salazar and Tavares, 2018). 

Reducing the use of water resources and increasing energy efficiency are crucial 

requirements for achieving sustainability in the mining industry (Gunson et al., 2010; 

Nguyen, Vink, et al., 2014). A traditional base-metal mining operation comprises an 

underground or open-pit mine and a mineral processing plant or mill (Gunson et al., 

2010). Several processes use water, including mineral processing and dust suppression 

(Gunson et al., 2012). Water requirements depend on the following factors: ore 

mineralogy and grade, local climate, type of processes and technologies used, and the 

technologies to manage tailings and reuse or recycle water (Gunson et al., 2012; Mudd, 

2008; Northey et al., 2013, 2014, 2016, 2017). In mineral processing, both wet and dry 

processes are used to separate the valuable part from the non-valuable part. However, wet 
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processes are more commonly used because they require less energy. Nevertheless, as the 

name states, they are water-intensive (Gunson et al., 2010). In arid and semi-arid areas, 

the use of seawater by mining companies is expected to increase (Cisternas and Gálvez, 

2018).  

The production of metals implies waste disposal, and mine tailings constitute one of the 

leading waste streams produced in mining processing plants. They can represent up to 

95–99% of all the crushed minerals processed in the plant (Edraki et al., 2014). They are 

a mixture of fined solid crushed minerals remaining after the recoverable metals and 

minerals have been extracted and separated from the remaining mined ore, together with 

water, which also carries dissolved metals and reagents used in the process (Edraki et al., 

2014). Environmental impacts and land use should be considered when choosing a tailing 

disposal method (Adiansyah et al., 2017). The environmental implications of tailings dam 

failures include human fatalities and the contamination of water and soil (Kossoff et al., 

2014). One of the most severe environmental problems associated with tailings is acid 

mine drainage (AMD), produced when sulphide minerals are in contact with water and 

oxygen (Akcil and Koldas, 2006), being one of the most dangerous forms of water 

contamination (Moodley et al., 2017). Proper management of mine tailings is crucial for 

mitigating the impacts of mining waste disposal on its surroundings (Adiansyah et al., 

2015). 

Mine tailings are usually stored in a dam, deposit or a tailings storage facility (TSF), 

which is the most significant water sink at the mine site (Gunson et al., 2012). Dewatering 

technologies, such as thickeners and filters, increase the solid density of tailings. Hence 

reducing the water content in tailings (Gunson et al., 2012). Optimising water reclamation 

from the TSF is a pivotal point in improving water management in mining plants (Ihle 

and Kracht, 2018) since conventional tailings disposal, the most common method used 

by mining companies, consists of tailings with a 70–75% water content (Adiansyah et al., 

2015). 

Mine tailings contain several elements that are not separated from the mineral in the 

processing plant. Mine tailings could be reprocessed to obtain valuable elements 

(Binnemans et al., 2015; Falagán et al., 2017). Globally speaking, there are no industrial 

operations that process mine tailings to obtain valuable products (Kinnunen and 

Kaksonen, 2019). CRMs are a group of materials considered to be of sizeable economic 

importance and have a high risk in terms of their supply. Now, secondary sources like 

metal scrap and mine tailings appear as future CRM sources (Avarmaa et al., 2020; 

Binnemans et al., 2015; Ceniceros-Gómez et al., 2018; Edahbi et al., 2019; Falagán et al., 

2017; Moran-Palacios et al., 2019; Tunsu et al., 2019). Using secondary sources to 

recover CRMs has multiple benefits: it allows for the reduction of primary ore extraction, 

decreases the amount of waste, hence decreasing its environmental impact, gives value to 

waste and contributes to industrial symbiosis, among others (Lottermoser, 2011). 

Usually, each mining plant has its water supply system, which may include different 

sources of water, without considering as the option having an industrial symbiosis by 
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sharing the  infrastructure of water supply with other mine plants nearby (Herrera-León 

et al., 2019). An integrated water supply system can decrease the energy consumed by 

pumping desalinated water to the mine sites, since there would be fewer pipelines and 

pump stations (Araya et al., 2017, 2018; Herrera-León et al., 2018; Herrera-León et al., 

2019). In addition, energy recovery systems can be placed in the pipelines to produce 

energy in the network (Corcoran et al., 2016; McNabola et al., 2014; Nogueira-Vilanova 

and Perrella-Balestieri, 2014a, 2014b; Zakkour et al., 2002). 

1.2 Motivation of the study and scope 

To achieve sustainable development, all industries must incorporate sustainability and 

circular economy principles into their operations. In the case of mining, there are several 

aspects in which the industry can improve its processes. To reduce primary resource 

consumption is crucial in the circular economy model, and if it is not possible, reusing, 

recycling and reprocessing materials should also be options explored by companies. 

However, the demand for metals will continue to exist throughout the transition to a more 

sustainable society, so reusing materials, recycling old artefacts, and reprocessing waste 

to obtain new raw materials are options for the transition to a sustainable model.  

The mining industry has a significant impact on water resources due to the characteristics 

of the areas where mine sites are located, usually areas that suffer from water scarcity. 

The industry must continue its efforts in terms of recycling and reusing water in its 

processes to reduce the stress on freshwater resources. Alternative water resources are 

also plausible options, such as seawater or greywater (World Economic Forum, 2016). 

Effective water management in the mining industry can reduce the scarcity of freshwater 

sources in arid regions. In 2019, freshwater consumption in Chile reached 12.45 m3/s, 

more than three times the seawater consumption, reaching 4.06 m3/s (Cochilco, 2020). 

Integrated water supply systems to provide desalinated water to several industrial sites 

reduce energy consumption (Herrera-León, Lucay, et al., 2019) and stress freshwater 

resources. Different strategies can be applied to reduce water consumption and optimise 

its use.  

Mine tailings are a critical issue in mining, as tailings are the waste from mineral 

processing plants and are produced in large quantities. As an example, in Chile, up to 

March 2018, 740 tailing deposits were registered in a national cadastre, the majority being 

in the north of the country. Currently, 101 tailing deposits are in active use, which will 

accumulate 14,470 million cubic metres of the 16,000 million cubic metres of the total 

tailings stored in the country; ergo 90.6% of stored tailings come from active mining 

operations (SERNAGEOMIN, 2018).  

Circular economy principles, such as strategies to save water, recover energy and reduce 

waste, can be incorporated in the design and operation of mine sites to improve the 

sustainability of its processes, and help achieve sustainable development. This 

dissertation aims to contribute to the literature on water and tailings management in the 
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mining industry by providing methodologies and tools that mitigate the environmental 

impact of mining activities. 

1.3 Definition of the problem 

The mining industry needs to achieve sustainable development. Circular economy 

principles can help to achieve this purpose. The large production of mine tailings is one 

of the significant issues the mining industry faces to be sustainable in its processes. Mine 

tailings must be appropriately managed and stored, so they are not dangerous to nearby 

environments. Reducing water content in tailings is one strategy used to recycle water 

back into the mining facility, since the water content of tailings can be up to 70%. It is 

possible to obtain tailings with up to 15–20% water using dewatering technologies. 

However, dewatering technologies can be energy intensive. Recycling water from tailings 

can reduce water requirements at the mine site, which is especially important in arid areas, 

where seawater is used to supply part or all of the raw water requirement. Supplying 

seawater to mining plants is expensive due to the energy required to treat and transport 

the water. Reducing energy consumption is crucial to reducing the emissions of 

greenhouse gases (GHGs). 

Waste reduction is one of the principles of a circular economy. Besides recycling water 

from mine tailings, these can be reprocessed to obtain elements of interest and valuable 

elements like CRMs. Using mining waste as a source of materials reduces the mining of 

primary ores and, at the same time, reduces the land use of mine tailings.  

This dissertation focuses on water and tailings management to contribute to the 

achievement of sustainable development in copper mining. This dissertation’s case 

studies correspond to the copper mining industry. This dissertation combines economic 

valuation tools, simulation, and optimisation techniques to achieve its objectives. Figure 

1.1 shows the connection between the articles to the central areas of research of this 

dissertation, which are twofold: the first is water management in mining, focused on water 

supply to mine sites and mine tailings facilities, and the second is the management and 

valorisation of tailings to obtain CRMs.  
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Figure 1.1: Articles and central areas of research of the dissertation. 

1.4 Objectives and research questions 

This dissertation proposes strategies for managing water and tailings in the mining 

industry that contribute to more sustainable mining. Optimised water distribution 

networks and efficient water use in tailing management are proposed as water 

management strategies. The tailings management strategies proposed are recovering 

CRMs and reducing water content in tailings. Recovery of CRMs is a way of valorising 

tailings, reducing volume of tailings stored, and reducing the exploitation of primary 

resources. Therefore, the purpose of this dissertation is to propose tools for assessing the 

adequate water and tailings management to guide the mining industry to achieve 

sustainable development. 

The objectives and research questions of this dissertation are the following: 

1. To improve water management at mine sites by designing integrated water supply 

systems that include energy recovery devices in areas with complex topography.  

RQ 1.1. Is an integrated water supply system that includes energy recovery devices 

feasible in areas with complex topography? 

RQ 1.2. Is it economically and technically feasible to use energy recovery devices in 

the water supply system? 

RQ 1.3. When using parallel pipes, is there a feasible option in the water supply 

system? 

2. To propose a framework of sustainable mine tailings management including 

dewatering tailings technologies and water supply to improve the water-energy 

nexus in mining plants focusing on mine tailing’s disposal. 
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RQ 2.1. What is the relationship between water and energy in the copper mining 

industry for different tailings disposal methods? 

RQ 2.2 How can the water-energy nexus be improved using a real options approach? 

RQ 2.3 In which scenarios can the water-energy nexus be improved? 

3. To investigate the feasibility of reprocessing mine tailings to obtain CRMs as an 

option to valorise tailings and reduce primary resource mining. 

RQ 3.1. What CRMs can be recovered from mine tailings? 

RQ 3.2. What are the challenges in producing CRMs using mine tailings as a 

resource? 

RQ 3.3. Is it economically feasible to invest in reprocessing mine tailings to obtain 

CRMs? 

4. To develop methods to assess the feasibility of reprocessing mine tailings to 

obtain critical raw materials that include uncertainty  

RQ 4.1. How can real options improve the decision to invest in a project using mine 

tailings as a source of CRMs? 

RQ 4.2. How can the net present values variables influence real options performance? 

1.5 Contribution of the research 

During the development of the work performed when doing my doctorate, several 

contributions were made to the field of industrial engineering and management focused 

on the mining industry. Publication I made the following contributions: The first was a 

method for designing a water distribution network for supplying water to several mine 

sites in areas with complex topography, which aims to fulfil Objective 1 of this 

dissertation. Desalinated water supply, parallel pipelines and energy recovery devices 

were also considered in Publication I. The main novelty of the article is the inclusion of 

energy recovery devices in areas where the altitude may facilitate the production of 

energy in the same way it is done for producing hydroelectrical energy, which has not 

been previously assessed in the design of WDN for mining companies. Another important 

feature of the model developed is the linearisation of two functions to allow an optimum 

solution to be found quickly, which is a desired characteristic for complex models. The 

article’s main idea was to provide a WDN to design the water supply for several 

companies, including energy recovery devices, to improve efficiency, reduce the cost of 

the whole system, and compare an integrated network with the traditional linear concept 

of each company and its water supply. 
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Publication II investigated the possibility of valorising mine tailings. The study aimed to 

study the feasibility of recovering CRMs from tailings by performing techno-economic 

assessment, and it answered research questions related to Objective 3 of the dissertation. 

The contributions of this article are: technologies were reviewed to find suitable 

possibilities to extract CRMs from tailings deposits. Four hundred and seventy-seven 

tailings’ deposits from Chile, mainly from copper mining, were assessed as a case study, 

and the concentration and mass of CRMs were calculated. As an economic assessment, 

traditional valuation tools were used, including discounted cash flow to estimate the net 

present value. Sensitivity analysis was applied to the results to study the influence of 

different parameters used in the economic assessment. Based on the quantities of each 

CRM, two options were assessed. The main contribution is to provide valuable 

information for assessing the preliminary valorisation of mine tailings. 

Following the line of Publication II, Publication III aims to develop tools to assess the 

uncertainties in an investment based on reprocessing tailings and to answer Objective 4 

of the dissertation. Due to the innovative nature of a project of this kind and the 

characteristics of new mining projects, it seems logical to use tools that go beyond using 

just traditional valuation tools. The proposed framework uses real options analysis (ROA) 

and sensitivity and uncertainty analyses. 

Finally, Publication IV brings together the two areas of research in this doctoral 

dissertation: combining water management with mine tailings. It answers Objective 2 of 

the dissertation. This study aimed to assess the water-energy nexus in tailings facilities to 

find the best water management options at the mine site and dewatering technology for 

tailings. A real options approach was used to analyse each option. This publication 

features a method that uses a water reduction model and real options approach to the 

economic output of each choice and uncertainty and sensitivity analysis. Costs, energy 

consumption and GHG emissions were estimated for each option. 

1.6 Overview of the chapters and structure of the dissertation 

This dissertation is divided into two main parts. Figure 1.2 summarises the structure of 

the dissertation. Part I presents an overview of the dissertation composed of five chapters. 

Chapter 1 presents the introduction and describes the background, motivation, purpose, 

objectives, and research questions. Chapter 2 presents the theoretical background, which 

explores the prior research on water and tailings management in the mining industry and 

its connection to sustainable development and the circular economy. Chapter 3 presents 

the research methodology used to address the issues presented in the previous chapters, 

including the research approach and research methods used in this dissertation. Chapter 

4 presents a review of the publications of the dissertation by summarising the key results 

of each publication. Chapter 5 summarises the contributions of this dissertation, presents 

the conclusions, and provides the limitations of the study and an outlook on future 

research. Part II of this dissertation presents the study’s contribution in the four 

publications that shape this study. 
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Figure 1.2: Structure of the dissertation. 
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2. Theoretical framework 

After carefully reviewing the literature on water and tailings management, and 

sustainability and circular economy in mining, this section explains the main concepts 

used in the dissertation and the current situation of the mining industry, encompassing the 

concepts and definitions used in this dissertation. 

2.1 Importance of mining in South America: focus on Chile 

The consumption of metals increased drastically (Palacios et al., 2019). For example, the 

demand for copper is predicted to increase and to exceed copper mineral resources by 

between 275 and 350% by 2050 (Elshkaki et al., 2016). The increase in copper demand 

is associated with a substantial increase in energy demand and, consequently, 

environmental impacts (Elshkaki et al., 2016). Another example is aluminium which 

demand could be even eight times the current production level, based on the minerals and 

metals commonly used in everyday applications (Christmann, 2018).  

South America supplies several mineral commodities. Figure 2.1 depicts the participation 

of the leading countries in South America in mineral commodities production in 2021, 

showing the percentage of the worldwide production of the indicated element. Brazil is 

the first producer of niobium in the world, which is a CRM, and it also produces 

significant quantities of tantalum, another CRM. In addition, Brazil is the second world 

producer of iron ore. Both Chile and Peru produce copper, molybdenum and silver. Peru 

is the leading producer of silver in the world. Currently, Chile is the second world 

producer of lithium, considered a CRM. However, Bolivia has reserves estimated at 21 

million tons and Argentina at 19 million tons (U.S. Geological Survey, 2022), So South 

America has a diversified portfolio of mining investments.  

Mining's environmental impacts include pollution of water and soil, loss of biodiversity, 

and soil erosion. Studies in South America, specifically in Chile and Peru, have found 

exceeding limits of several elements in water and soil, caused by mining operations in 

those areas (Corzo and Gamboa, 2018; Reyes et al., 2017; Tapia et al., 2018) . A study 

by Reyes et al. (2017) found that in some areas of the Antofagasta Region, Chile, in soil 

samples, the levels of elements like As, Cu, Pb, Sb, and V exceeded the maximum level 

allowed, probably due to the presence of mine tailings deposits nearby. In a similar 

scenario in Peru, (Corzo and Gamboa, 2018) found high concentrations of Cd, Fe and Mn 

coming from tailings  in the Aruri and Rimac rivers. Near these rivers, there is agricultural 

activity and communities that depend on the water provided by the rivers. The failure and 

collapse of tailings facilities in South America have caused water and soil contamination 

and accidents, even resulting in deaths in terrible environmental and social disasters 

(Armstrong, Petter, et al., 2019).  
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Figure 2.1: Production of mineral commodities in South America. The percentages 

correspond to the participation of world production in 2021. Source: U.S. Geological 

Survey. 

The case studies featured in this dissertation are from the copper industry in Chile. Mining 

is a long-standing industry in Chile since the country owns vast mineral resources. Mining 

activity is executed in the north of the country, specifically in the Atacama Desert, where 

sulphide ores containing copper are abundant; additionally, there are non-metallic 

resources. Therefore, Chile produces various elements, such as copper, silver, 

molybdenum, lithium and boron, among others (SERNAGEOMIN, 2019). Mining 

represents 10% of the national gross domestic product (Reporte Minero, 2018). To 

achieve sustainable development for the mining industry, the Chilean state has to find a 

balance between environmental policies and economic growth by addressing the 

challenges of energy and water used, indigenous rights and governmental organisations 

(Ghorbani and Kuan, 2017). Figure 2.2 shows copper mine production in 2021. Chile is 

the leading copper producer worldwide, with 5,600 thousand metric tons, 27% of 

worldwide production. The second producer of copper is Peru, with 2,200 thousand 

metric tons (U.S. Geological Survey, 2022). Both countries have their ore deposits 

generally in arid zones, where evaporation rates are over 2000 mm/year (Cacciuttolo and 

Valenzuela, 2022). The situation is similar for ore deposits of Bolivia and Argentina.  
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Figure 2.2: Copper mine production in 2021 in thousand metric tons. Source: U.S. 

Geological Survey. 

2.2  Sustainable development and the circular economy in mining  

The circular economy, sustainability and sustainable development are concepts that relate 

to all sectors of industry and society. Sustainability and sustainable development concepts 

aim for growth and development whereby the development of future generations is 

possible (Munier, 2005). The circular economy aims to shift from the linear economy 

concept to an economic system that closes the loops in production, distribution and 

consumption processes by developing processes to reduce, reuse, recycle and recover 

materials and wastes (Kirchherr et al., 2017). The circular economy and sustainable 

development are related, as some authors see the circular economy as the 

operationalisation of businesses to implement sustainable development (Kirchherr et al., 

2017). 

To achieve sustainable development, in 2015 the UN launched the 2030 Agenda for 

Sustainable Development which consists of 17 Sustainable Development Goals (SDGs) 

to change the “financial, economic, and political system” (United Nations, 2020). For the 

mining industry, the UN released a report entitled Managing Mining for Sustainable 

Development: a Sourcebook, which aims to guide governments and communities in 

countries and regions that are resource-rich to manage the mining industry to achieve 
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sustainable development (UNDP and UN Environment, 2018). The report Mapping 

Mining to the Sustainable Development Goals: An Atlas released by the World Economic 

Forum presents an overview of the opportunities in the mining industry to contribute to 

the achievement of SDGs and the current challenges that the industry faces at all stages 

of mining processes. As an example, Goal 6 is about water in mining, and the goal 

includes reducing water consumption, using alternative water sources such as seawater 

and greywater, integrating political, social, economic, and technical water concerns, and 

identifying high-value water areas. Regarding waste, Goal 12 is about mining and 

responsible consumption, so the mining industry should aim to minimise waste 

production and give value to waste (World Economic Forum, 2016). Reis Monteiro et al. 

(2019) discussed the congruence between mining and SDGs, finding that mining and 

SDGs are compatible. However, governments and society have to bring pressure to bear 

in order to transform this industry into a sustainable activity (Reis Monteiro et al., 2019). 

Mining is an industry on a global scale, and its operations are often located in sensitive 

areas with fragile ecosystems, sometimes in less developed countries, and located in 

territories where indigenous people live. If these aspects are ignored, mining can lead to 

environmental conflicts, displaced populations, inequality issues, among other challenges  

(World Economic Forum, 2016). Environmental impacts associated with mining are 

stress and pollution of water resources, air pollution, land usage, and the production of 

several waste streams (Valenta et al., 2019; Vela-Almeida et al., 2015). To meet current 

needs, a balance between the needs of the stakeholders involved in mining projects where 

a silent stakeholder is a global ecosystem requires joint efforts to achieve sustainable 

development beyond mine closure (Christmann, 2018). Besides official and legal mining 

permits, a social licence to operate from the community is needed to succeed in a mining 

project. Social licence refers to the consent and adhesion to mining by the community 

living in the region (Carvalho, 2017). The social licence can be obtained when mining 

companies share the wealth by investing in the community and minimising environmental 

impacts (Carvalho, 2017). Nowadays, it is necessary to engage the community in issues 

such as water resources, since companies have responsibilities with internal and external 

stakeholders (Hall, 2015).  

With regard to mining and its relationship with the environment and society, several 

studies have considered these dimensions, presenting different and interesting findings 

and points of view on how to undertake the challenges of achieving sustainable 

development, sustainability and/or the circular economy. Vela-Almeida et al. (2015) 

argued that mining is a productive process that would depend on economic indicators to 

control production. It also requires regulation considering the existence of biophysical 

limits to extraction. Batterham (2017) proposed technical advances that will ensure 

sustainability in mining. These advances include in-place leaching and recovery of 

metals. Ali et al. (2017) proposed six measures that the United Nations Environment 

Assembly, the highest level policy-making body on a global scale on environmental 

aspects (UN Environment Assembly, n.d.), should consider in order to achieve 

sustainable mineral sourcing. These six measures are: reaching a compromise on targets 

for mineral production in global terms; monitoring environmental impacts of mineral and 
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metals production and consumption; improving the coordination of mineral exploration; 

supporting research and investments in new extraction technologies and processes; 

harmonising best practices for mineral resource development; and increasing the maps 

and inventories of recyclable metals. Lagos et al. (2018) explored the effects of mine 

ageing on the evolution of environmental indicators: energy and water consumption, and 

GHG emissions, focusing on Chilean copper mining, and found the following trends: as 

copper grade will continue to decrease, energy consumption and GHG emissions per 

tonne of copper will increase at a slower rate, and water consumption per tonne of copper 

produced will decrease by 10%, mainly due to the increase in the reuse of water from 

tailing dams. Focusing on a different region, Ranängen and Lindman (2017) examined 

the Nordic mining industry to develop guidelines to achieve sustainability. The results 

are guidelines that include: economic dimension, corporate governance, environment, and 

social aspects such as human rights and labour practices. Tost et al. (2018) conducted a 

literature review of the present situation of sustainability in mining by focusing on three 

issues: climate change, water, and biodiversity, comparing mining with other industries. 

The authors concluded that mining is lagging behind society’s expectations regarding 

climate change, and one way to improve that is to consider the Paris Agreement (Tost et 

al., 2018).  

Segura-Salazar and Tavares (2018) performed an exhaustive literature review of the 

meaning of sustainability in mining over the last 25 years, finding a need to find a 

consensus on the meaning of sustainability and to build a better and robust definition. 

This study concluded that the mining industry must have active management and 

engagement on sustainability issues considering all stakeholders involved throughout the 

duration of the mining project including mine closure; the sustainability dimensions 

beyond the economic, environmental, and social dimensions by placing further emphasis 

on institutional leadership and technological innovations for sustainability. In addition, 

there is a need to consider multiple scales of mining from local to global contexts; and 

intra- and intergenerational equity, aiming to achieve a sustainable industry into a long-

term horizon (Segura-Salazar and Tavares, 2018). Tajvidi Asr et al. (2019) reviewed the 

current state of research on the achievement of sustainable development in the mining life 

cycle, finding that the use of land after mine closure attracts the most attention among 

researchers of sustainable development. The construction of structures and equipment 

installation, as well as exploration and feasibility studies, have received little attention 

from researchers (Tajvidi Asr et al., 2019). 

Regarding the term circular economy, there is no consensus on its meaning. However, it 

is known that the term comprises a set of systematic strategies that industries must follow 

to resemble natural cycles where wastes are transformed and integrated back into the 

nature (Cisternas et al., 2021). In the circular economy, strategies are proposed to close 

the loops in economic activities, such as refusing and reducing waste production and 

reusing wastes; these strategies are the so-called R-imperatives (Cisternas et al., 2021). 

The application of circular economy principles is still in early stages for the mining 

industry. Nevertheless, significant efforts have been made to reduce water consumption 

by using technologies that demand less water. Another action is transforming mining 
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waste in construction materials (Cisternas et al., 2021). The main challenges remain in 

the generation of mine tailings and water use, and energy efficiency (Cisternas et al., 

2021).  

2.3  Water management in mining 

Nowadays, mining operations use a small portion of the water resources available 

(Gunson et al., 2012) since mining processes use a significant percentage of recycled 

and/or reused water (Cisternas et al., 2021). However, suppose mining sites are in areas 

that suffer from water scarcity. In that case, the use of water resources by a mining plant 

significantly impacts local water resources (Northey et al., 2016). The average water 

footprint of copper mining is 70.4 kL/t Cu, but it can vary “from several kilolitres to up 

to 350 kL/t Cu” (Northey et al., 2013) since all stages of production use water (Northey 

et al., 2013). In Chile, water consumption in copper mining was 69.83 m3/s in 2019, where 

76% corresponds to recirculated water, 18% to freshwater from inland sources and 6% to 

seawater (Cochilco, 2020). Due to the area's scarcity of inland water resources, increasing 

the recirculated water or the seawater rate is needed. Figure 2.3 depicts the use of 

freshwater water, meaning inland resources, by the copper mining industry in Chile, the 

concentration plant, which includes flotation, and the production and management of 

tailings represent 64% of freshwater resources.  

 

Figure 2.3: Use of freshwater from inland sources in the copper mining industry in 

Chile during 2019. Source: Cochilco. 

There is clear overexploitation of inland water sources in northern Chile, and water 

resources are not enough to meet environmental, domestic and industrial requirements 

(Aitken et al., 2016). Australia hosts several mining plants, being the leading producer of 

lithium worldwide (U.S. Geological Survey, 2022). In Australia, there is a strong 
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relevance for companies to obtain the social licence to operate in cases where many water 

resources are extracted (Hall, 2015). 

Most mineral processing plants use wet processes, such as flotation, which typically ends 

up with a product in the form of slurry with 25–30% solids by mass (Gunson et al., 2012). 

Wet processes are much more common in mining, such as “leaching ,flotation, gravity 

separation, electrowinning and solvent extraction”, due to their benefits over dry 

processes, such as higher recovery rates and more accessible transportation of solids 

(Northey et al., 2016). Influential factors in water consumption in mining production are 

mine type, mill configuration, ore characteristics and climate (Mudd, 2008). Ore grade 

declining is a reality in several mines, leading to a higher consumption of water (Mudd, 

2008). 

Closing the water loops in the mine site is fundamental to achieving sustainable 

development of mining operations since there would be no impact on local water 

resources (Kinnunen et al., 2021). Nonetheless, closing loops in water management in 

mining will require new technologies to improve water use in the whole mining plant 

(Kinnunen et al., 2021).  

Water footprinting and life cycle assessments are methods used to identify and quantify 

water use, which have been developed significantly in recent decades, but few 

applications in mining can be found (Northey et al., 2016, 2018). Water footprint is 

defined as a “metric that quantifies the potential environmental impacts related to water” 

(Northey et al., 2016). Mining regulations can vary significantly between countries and 

regions; reasons for these differences include each location’s climate and hydrology 

characteristics and surroundings (Northey et al., 2016). The Mining Association of 

Canada has implemented the Water Stewardship Protocol to strengthen the standards of 

governance, management, planning, performance, and reporting of the use of water 

resources at the mine-site level”. This protocol is expected to develop water stewardship 

beyond legal compliance  (MAC, 2019). In the case of Finland, a country with subarctic 

conditions, the same standards used in Canadian mines were approved in an initiative to 

improve risk assessment, complemented with water and mine tailings management 

(Northey et al., 2016).  

According to Kunz et al. (2013), to improve the management of water systems, three 

principles need to be employed: (1) define the complexity of the water systems, whether 

they are simple or complex, (2) decide if the decisions required are tactical or strategic, 

and (3) recognise the existence of boundaries in the system and apply them in the study. 

A framework to guide mining companies to take operational decisions regarding water 

management with a focus on reducing freshwater intake was proposed by Kunz and 

Moran (2014). Instead of focusing on individual tasks, the focus is on analysing water 

management in an integrated system. This framework also seeks to engage internal and 

external stakeholders in sharing the benefits of integrated water resources management 

(Kunz and Moran, 2014). Gao et al. (2014) proposed the model of a hierarchical system 

for improving water management at mine sites. This model includes simulation and 
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optimisation to assess water management options in coal mines. In another study, Gao et 

al. (2016) studied a sharing approach to water resources to reduce unregulated discharge 

to deal with climate events. The results showed that this approach would bring benefits 

as it is a practical, secure and economical strategy (Gao et al., 2016).  

Regarding the options to reduce water requirements at mine sites, Gunson et al. (2012) 

developed a water reduction model to identify the options to reduce, reuse and recycle 

water at mine sites using an open-pit copper mine site. Among the options assessed are 

the use of dewatering technologies for tailings and ore pre-sorting. This study highlights 

the importance of employing proper water management in tailings facilities. In another 

study, the same authors determined the lowest energy requirement for a water network in 

a mill/mine. This method proved to be helpful for reducing site power requirements 

(Gunson et al., 2010). Nguyen, et al. (2014) studied the relationship of water and energy 

in water management in mine sites. As a result, they provided guidelines to identify the 

“synergies and trade-offs” in water management options, finding that most options have 

trade-offs. Another interesting finding from this study is that some options to reuse and 

recycle present water trade-offs and not synergy, as could be expected for a process that 

is considered more efficient. Several authors have proposed ore sorting to reduce the use 

of water and have fewer tailings (Gunson et al., 2012; Kinnunen et al., 2021). Ore sorting 

aims to remove non-valuable ore at the beginning of the mineral processing operation 

(Kinnunen et al., 2021). Gonzalez et al. (2019) studied using a by-product, road dust 

suppressant to reduce the water requirement used in road maintenance, which is 

traditionally treated with water to reduce dust emissions, showing promising results.  

2.3.1 Water supply for mining 

As freshwater sources are getting scarce, water from other sources is needed, such as 

seawater (Herrera-León et al., 2019). Recycled water from the processes and desalinated 

water are options to fulfil the water requirements in the processing plant (Cisternas and 

Gálvez, 2018; Ramírez et al., 2019). Seawater requires energy to be desalinated and 

transported to the mining site (Cisternas and Gálvez, 2018). Nowadays, seawater is a 

viable source of freshwater for mining due to advances in desalination technologies, lower 

membrane costs and energy consumption (Gnaneswar Gude, 2016; Knops et al., 2013). 

Desalination technologies are classified into thermal and membrane technologies 

(Gnaneswar Gude, 2016). Reverse osmosis (RO) is a membrane process used to 

desalinate water. It is currently the most employed process globally because of its 

simplicity and lower energy consumption than distillation-based thermal processes 

(Shenvi et al., 2015). The use of desalinated water can evolve to have a zero-carbon 

footprint and no environmental costs if the energy is sourced from renewable sources and 

the brine is reused (Pistocchi et al., 2020).  

Herrera-León et al. (2019) proved that an integrated water distribution network that 

provides desalinated water for several mining companies in arid areas is more efficient 

than an independent water supply for each mining company (Herrera-León et al., 2018; 

Herrera-León, Lucay, et al., 2019). Liu et al. (2011) designed water supply systems 
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considering the production, distribution and storage of desalinated and reclaimed water 

and wastewater, showing that an integrated system can be more efficient in water-

deficient areas. 

2.3.2 Water-energy nexus in mining 

Water and energy are interconnected as water needs the energy to be treated and 

transported to the processing plant and energy needs water to be produced (Hamiche et 

al., 2016). Water and energy links can be found in different stages such as production, 

transportation and consumption (Hamiche et al., 2016). Understanding the water-energy 

nexus can improve decision-making in planning for policy and technology to achieve 

sustainable development from a local to a global scale (Dai et al., 2018).  

Understanding the role and quantifying energy use in water supply systems is crucial for 

creating policies that include GHG emissions from the water sector to reduce its 

contribution to climate change (Rothausen and Conway, 2011). GHG emissions related 

to the energy used for water treatment can be reduced by taking measures such as 

improving the desalination process, choosing renewable energy sources, reusing and 

recycling water, and using seawater with no treatment in some industrial processes 

(Ramírez et al., 2019). 

If the water supply of a mine site relies on desalinated water, then the cost is indeed the 

energy cost, since desalination technologies are energy-intensive (Ihle and Kracht, 2018). 

The mining industry consumes vast quantities of energy; in Chile, copper mining 

consumed 176,745 TJ in 2018, which represents 14% of the country’s overall energy 

consumption (Cochilco, 2019). 

2.3.3 Energy production in water supply systems 

Supplying desalinated water to mine sites implies the treatment and transport of water 

over long distances, representing a significant part of the cost of planning and operating 

a mine site (Gunson et al., 2012; Herrera-León, Lucay, et al., 2019; Ramírez et al., 2019). 

The cost of transporting water can be 2–3 times the cost of the desalination process 

(Herrera-León, Lucay, et al., 2019).  

Pumps as turbines (PATs) can be used as energy recovery devices for energy production 

in a WDN, as they are used in hydroelectrical power generation plants. Therefore, the 

WDN would reduce its dependency on external energy sources. WDNs have used PATs 

instead of pressure-reducing valves for reducing pressure in the system. In addition, PATs 

can produce electricity in the same way in which turbines are used in hydropower 

generation (Corcoran et al., 2016; De Marchis et al., 2014; McNabola et al., 2014; 

Tricarico et al., 2014a; Zakkour et al., 2002). The energy efficiency of water supply 

systems can be amplified by recovering hydraulic energy inherent in the volumes of water 

transported by the supply system (Nogueira-Vilanova and Perrella-Balestieri, 2014b).  
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2.4 Mine tailings 

A critical issue in mining is the waste streams discarded from the processing plants, 

namely mine tailings, the main waste produced in mineral processing plants (Adiansyah 

et al., 2015). Mine tailings consist of a mixture, usually in the form of slurry, of fine-

grained solid minerals obtained as a by-product after separating valuable metals and 

minerals from mined ore, together with the water used in the recovery process (Australian 

Government, 2016). The chemical composition of tailings depends on factors such as the 

mineralogy of the ore processed, the chemicals used in the plant, and the efficiency of the 

technologies used (Kossoff et al., 2014). The production of tailings is estimated at a “rate 

of between five to fourteen billion tonnes per year” (Schoenberger, 2016). Methods to 

store tailings include “disposal into rivers and oceans, backfilling, dry-stacking, and 

dammed impoundments” (Kossoff et al., 2014), the latter also being called dams, ponds 

or tailings storage facilities (TSFs). Tailings dams are built in stages according to the 

progress of waste production, using the same waste to form the dam (Schoenberger, 

2016).  

2.4.1 Environmental impacts of mine tailings 

The environmental implications of tailings dam failures include human fatalities, and the 

contamination of water and soil (Kossoff et al., 2014). In the last two decades, major 

tailings dam failures and accidents have doubled. A recent example is the catastrophic 

accident at Brumadinho in Brazil, with approximately 300 human deaths (Armstrong, 

Langrené, et al., 2019).  

Sulphide ore deposits contain considerable amounts of metals such as copper, gold, silver 

and nickel, and contain potentially toxic elements like arsenic and cadmium (Lindsay et 

al., 2015). Sulphide minerals in tailings that are in contact with water and oxygen may 

react and produce acid mine drainage (Akcil and Koldas, 2006), a dangerous pollutant 

agent of water (Moodley et al., 2017). Adequate mine tailings management that can 

decrease and mitigate the impacts of tailings is crucial in mining operations (Adiansyah 

et al., 2015).  

Other impacts of medium- to longer-term tailings are contamination of water resources 

and contamination of soils and sediments, which can be seen centuries after (Kossoff et 

al., 2014). To mitigate the negative impacts of tailings, mining companies have to apply 

remediation processes to store tailings after the mine closure, which is very expensive 

(Park et al., 2019). 

2.4.2 Water reclamation in mine tailings 

There is a variety of ways to store mine tailings. Environmental impacts and land use 

should be considered when choosing a tailing disposal method (Adiansyah et al., 2017). 

Conventional tailing disposal consists of transporting tailings as a slurry to an 

impoundment or dam. Large volumes are required to be transported to a storage facility 
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(Edraki et al., 2014). Tailings in conventional residues disposal have approximately 70–

75% water content (Adiansyah et al., 2015; Gunson et al., 2012). Dewatering 

technologies, such as thickeners and filters, can reduce the water content in tailings by up 

to 20% (Gunson et al., 2012).  

The water-energy nexus in mine tailings is associated with the pumping system and the 

technology used in processing the tailings (Adiansyah et al., 2016). In Chile, between 

2001 and 2015, water consumption in copper concentrator plants decreased by 52%; 

meanwhile, “ore grade declined by 37%, reaching 0.85% Cu, and production increased 

by 24.5%”; such performance was primarily due to the increase in water recycling from 

TSFs (Lagos et al., 2018). Usually, water and tailings are considered separate issues in 

mining, although lately some studies have considered them together since they are 

interconnected (Kinnunen et al., 2021). Mine tailings need to be filtered and dry-stacked 

to close the water loops (Kinnunen et al., 2021). 

2.4.3 Reprocessing of mine tailings to obtain critical raw materials 

Reprocessing tailings to extract valuable elements is an approach that is gaining interest. 

Remining wastes and reprocessing tailings will close some loops in the primary resource 

sector, and they are connected this sector to the waste management sector (Lèbre et al., 

2017a). 

Studies about the geochemical content of mine tailings have been done with samples of 

tailings storage facilities to analyse the content of valuable elements such as CRMs 

(Ceniceros-Gómez et al., 2018; Falagán et al., 2017; Macías-Macías et al., 2019; 

Markovaara-Koivisto et al., 2018; Tunsu et al., 2019). The next step seems to be 

evaluating secondary sources by reprocessing them to obtain valuable elements. 

However, the environmental implications are still unknown, as reprocessing tailings with 

such purpose is still not industrial. Further analysis of opportunities for reprocessing mine 

tailings is needed in the ongoing discussion of sustainable tailings management 

(Adiansyah et al., 2017). 

Critical raw materials (CRMs) are raw materials categorised as critical when they fulfil 

two criteria: of high economic importance to Europe and high risk of shortage in their 

supply (European Commission, 2020). These materials are crucial to the transition to 

renewable energies, digital and space technologies, and defence. The most recent list of 

CRMs, published in 2020, includes 30 raw materials. Among these materials are rare 

earth elements, light rare earth metals, PGMs (platinum group metals), cobalt, vanadium, 

lithium, and magnesium. Figure 2.4 shows the regions that are leaders in CRMs 

production. China is the leading producer of several CRMs, the first-world producer of 

most of them (U.S. Geological Survey, 2022), and the leading supplier of CRMs to the 

European continent (European Commission, 2020). Europe has production of CRMs, but 

in lower percentages of participation of the world production, except in the cases of 

hafnium, 49% is produced in France, and Strontium, 31% is produced in Spain. For 

instance, Finland supplies the following CRMs: Cobalt (1%), germanium (10%), 
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palladium (<1%), phosphate rock (<1%), and platinum (1%) (European Commission, 

2020). 

 

 

Figure 2.4: Regions hosting the leading CRMs production. Source: U.S. Geological 

Survey and European Commission. 

As the supply of these materials is of high risk, the diversification of their sources is 

needed (Mathieux et al., 2017). Secondary sources like recycling from landfills and 

industrial waste as mine tailings appear to be options for obtaining CRMs (Binnemans et 

al., 2015; Gaustad et al., 2018; Mathieux et al., 2017). The potential use of secondary 

sources, like landfills and mine tailings facilities, faces several challenges (Kinnunen and 

Kaksonen, 2019). The environmental impacts will vary according to the characteristics 

of the minerals and rocks and the techniques used for tailings valorisation (Franks et al., 

2011; Kinnunen and Kaksonen, 2019; Singh et al., 2020; Xu et al., 2019). There is a need 

for statistics about waste facilities with official data about volumes and composition of 

waste sites (Careddu et al., 2018). National waste depositories about mining waste contain 

limited information, so they can only be used as preliminary sources to assess the 

valorisation of tailings (Žibret et al., 2020). Assessment and classification methods are 

needed to assess the resource potential of tailings (Suppes and Heuss-Aßbichler, 2021). 

The mining industry needs to advance in terms of filling the knowledge gaps in mine 

tailings management to achieve valorisation of tailings; this situation is expected to 

improve as the mining industry needs to change its model to a circular economy one 

(Kinnunen and Kaksonen, 2019).
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3. Research design and methods 

After collecting knowledge from the literature, methods were designed to examine the 

issues identified in the previous stage. Next, the required quantitative data was collected 

from research articles, public government reports and datasheets, and company reports. 

This chapter is divided into three sub-sections. Sub-section 3.1 explains the methodology 

developed to fulfil objectives 1 and 2 related to water management in the mining plant, 

including the method to design a water supply system for mining companies used in 

Publication I, and the water reduction model and water-energy nexus study used in 

Publication IV. Sub-section 3.2 describes the methods developed to achieve objectives 3 

and 4, data collection of mine tailings, revision of technologies for processing mine 

tailings, economic valuation methods including DCF method, and ROA. Sub-section 3.3 

describes the sensitivity and uncertainty analysis used in Publications II, III and IV. Table 

1 summarises the objectives and methods used in each publication. 

Table 3.1: Objectives and methods used in each publication 

 Publication I Publication II Publication III Publication IV 

Title  Design of desalinated 

water distribution 

networks: complex 
topography, energy 

production and parallel 

pipelines 

Towards mine tailings 

valorization: Recovery 

of critical materials 
from Chilean mine 

tailings 

Feasibility of re-

processing mine 

tailings to obtain 
critical raw materials 

using real options 

analysis 

Use of real options to 

enhance water-energy 

nexus in mine tailings 
management 

Dissertation objective 1 3 4 2 

Research objective  To design water 

distribution networks 

that include the option 
of producing energy in 

areas with complex 

topography 

To investigate the 

feasibility of 

reprocessing mine 
tailings to obtain 

critical raw materials  

To develop a method 

to assess the feasibility 

of reprocessing mine 
tailings to obtain 

critical raw materials 

To improve the water-

energy nexus in 

mining plants focusing 
on water and mine 

tailings management  

 

Research methods -Literature review 

-Data collection 

-Mathematical 
optimisation with 

MINLP 

-Comparison of 
scenarios 

-Sensitivity analysis 

-Literature review 

-Data collection 

-Technology 
assessment 

-Economic assessment 

with the DCF method 
-Sensitivity analysis 

-Surface response 

analysis 

-Literature review 

-Data collection 

-Economic assessment 
with the DCF method 

-ROA using binomial 

tree decision 
-Sensitivity and 

uncertainty analysis 

-Literature review 

-Data collection 

-Water reduction 
model  

-Economic assessment 

with ROA approach 
-Estimation of energy 

consumption and 

GHG emissions  
-Sensitivity and 

uncertainty analysis 

 

3.1 Water management and supply for mining 

In this section, the methods used for Publications I and IV are described, which aim to 

answer objectives 1 and 2, respectively. These publications are related, as they both 

contribute to the field of water management for mining. Publication I focused on the 

components of water and energy of water supply systems by designing a method to design 

an integrated water distribution network for mining companies located in arid areas with 

difficult access to freshwater resources, which includes the option to use energy recovery 
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devices in the network, and parallel pipelines to divide the flow when it reaches a certain 

level. Publication IV focused on improving the water-energy nexus for mining plants 

focusing the tailings facility, by including dewatering technologies as an option to recover 

water from tailings, and different options for technologies for desalination or partially 

desalinating water. In addition, the energy component of each option was analysed by 

estimating the energy consumption and GHG emissions. The methods used in Publication 

IV were the water reduction model, a real options approach, and sensitivity and 

uncertainty analyses. 

3.1.1 Design and optimisation of water distribution networks  

This section is intended to explain the process and development of the method designed 

to answer Objective 1, which is later presented in this document in Publication I. 

The water supply system consists of the water treatment plant, pipeline, and pump station 

to supply water to an industrial site or urban community. Methodologies for designing 

are usually mixed-integer non-linear problems (MINLP) models (Araya et al., 2017, 

2018; Herrera-León et al., 2018). The water supply system is transformed into a network 

to be analysed, called a water distribution network (WDN). Several authors have 

performed the optimisation of a WDN with different approaches (Ahmetović and 

Grossmann, 2011; Atilhan et al., 2011; El‐Halwagi, 1992; Herrera-León, Lucay, et al., 

2019; Lira-Barragán et al., 2016; Liu et al., 2011). An integrated water supply system has 

proven to be more efficient economically and technically than having an independent 

water supply to each mining processing plant (Herrera-León et al., 2018; Herrera-León, 

Lucay, et al., 2019; Herrera et al., 2015). Water supply systems are usually divided into 

four components: water intake, storage and water treatment, water pumping, and the water 

pipelines for the water distribution. The WDN for this work is defined as the set of water 

treatment plants and the water distribution network, composed of pumping stations and 

the pipeline to a mining plant. Basic fluid mechanics principles are applied to analyse the 

WDN: the continuity equation, the momentum principle, the energy equation and the 

Bernoulli equation, a related principle derived from the motion equation (Chanson, 2004). 

Darcy-Weisbach and Hazen Williams equations are applied to understand head loss along 

pipelines (Swamee, 2001).  

WDN design is a complex problem that includes determining demand, the optimal layout 

of WDN, and the dimension of the components like pipes, pumps, valves, tanks and other 

components (Amit and Ramachandran, 2009). When designing a WDN, the goal is to 

reduce the system’s initial investment and operational costs. The primary constraint is 

that demands must be supplied with adequate pressure heads at withdrawal locations. In 

addition, in a WDN, pressure heads at nodes must comply with the laws of conservation 

of mass and energy (Amit and Ramachandran, 2009). Providing water at minimal cost 

results in an optimisation problem, which has been solved using several optimisation 

methods, including linear programming, non-linear programming, MINLP and dynamic 

programming (Amit and Ramachandran, 2009; D’Ambrosio et al., 2015).  
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To achieve Objective 1 of this dissertation, we developed a method to design the WDN, 

including selecting desalination plants, specifically RO plants, to supply mining sites. The 

model includes energy recovery devices for energy production located in areas where, 

due to the difference in altitude between two points, it is possible to produce energy like 

in the hydropower industry. Figure 3.1 shows a scheme for how an energy recovery 

device, known as a PAT (Tricarico et al., 2014a, 2014b) is placed at altitude to produce 

energy. Additionally, parallel pipelines are considered to split the water flow when 

needed. The model was implemented using GAMS software. 

 

Figure 3.1: Mountain scheme with PAT installed: Point A is a node with a pump station, 

point B is a node with a junction between pipelines, and point C is a PAT station 

coupled with a pump station. Figure adapted from Araya et al. (2018). 

The model considers the locations of mine sites in an arid zone away from the coast; these 

sites have a water requirement that needs to be fulfilled with desalinated water from RO 

plants. The area features a complex topography, which means several changes in altitude 

from the coast to the mine site. The only option needed to fulfil the water requirement is 

desalinated water from RO plants. The method proposed by Herrera-León and co-authors 

was followed for designing WDN (Herrera-León et al., 2018; Herrera-León et al., 2019; 

Herrera et al., 2015), with the novelty of energy recovery devices and parallel pipelines 

in the network. Another improvement is the use of piecewise linearisation (Lin et al., 

2013) to transform the model from an MINLP to a linear model to quickly find a global 

optimum solution, a desirable feature of mathematical models. 

A superstructure represents the WDN, which includes RO plants, pipelines, pump 

stations, PATs, and the mine sites as nodes. Distances between nodes and the altitude 

were designed using data obtained from Google Earth. The superstructure also includes 

the option to use parallel pipelines. Parallel pipelines can be considered in the design of 

WDN to improve the system’s reliability (Gupta et al., 2014). The function of parallel 

pipelines is to divide water flow while retaining the same head loss rate, hence head loss 

remains the same in each of the parallel pipes (Swamee, 2001). Figure 3.2 displays an 

example of a superstructure similar to that considered in Publication I. We considered 

that the water flow goes only from the desalination plants to the mine sites, hence the 

bidirectional flow is not considered, and we only considered reasonable connections 

between nodes. 
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Figure 3.2: Example of a superstructure that represents a WDN. The desalination plants 

are located on the coast (RO1, RO2, RO3), red points represent pumping stations, which 

can be coupled with PAT stations; yellow points are mining plants (adapted from Araya 

et al. (2017, 2018)). 

The objective function minimises the total annualised cost of the whole network, divided 

by production and transport costs of desalinated water to the mine site. To estimate the 

costs of pumping stations and pipelines, the pumping head (h0) is calculated using the 

following equation (Swamee, 2001; Swamee and Sharma, 2008, 2013):  

ℎ0 = 𝐿𝑆𝑓 + ∆𝑧 + 𝐻                                                     (3.1) 

where ∆𝑧 is the elevation difference between two nodes, H is the terminal head, L is the 

length of the pipe, and Sf is the friction slope given by the Darcy-Weisbach equation: 

𝑆𝑓 =
8𝑓𝑄2

𝜋2𝑔𝐷5
                                                                  (3.2) 

where f is the friction factor, Q is the water flow, g is the gravity (9.8 m/s2), and D is the 

pipe diameter. 

In the model, the pipe diameter is considered a discrete value. We used a disjunction 

represented using the Convex Hull method for selecting a pipe diameter of a discrete set 

(Hendrix and Tóth, 2010; Iqbal, 2013).  

⋁ [
𝑦𝑖,𝑗,𝑑

𝐷𝑖,𝑗 = 𝐷𝑑
]

𝑑∈𝐷

                   ∀ (𝑖, 𝑗) ∈ 𝐹𝐽𝐼                          (3.3) 
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Other constraints of the model are that the diameter is the same when more than a pipeline 

is chosen between two nodes and the water velocity has a maximum value.  

The objective function consists of the annual costs of the WDN, which include the costs 

of pipelines, desalination plants, pumping stations and energy recovery devices (PATs). 

Moreover, the energy produced by PATs is added as a gain in the objective function. 

To estimate the energy produced by PATs, the following equation was used: 

𝐸𝑃𝐴𝑇𝑠 = ∑ 𝑔𝜌𝑄𝑛𝐻𝑛𝑡𝜂𝐸𝑐 [
𝑈𝑆$

𝑦𝑒𝑎𝑟
]

𝑁𝑃𝐴𝑇𝑠

𝑛

                                      (3.4) 

where g is the standard gravity (9.8 m/s2); ρ is the mass density of water; 𝑄𝑛 is the water 

flow through the n PATs (m3/s); 𝐻𝑛 (m) is the net head across a PAT; t is the operating 

hours during a year (h); 𝜂 is the efficiency; and 𝐸𝑐 is the electricity cost (USD/kWh) 

(Fontana et al., 2012).  

3.1.2 Water-energy nexus using water reduction model 

This section is intended to explain the process and development of the method designed 

to answer Objective 2, and which is later presented in this document in Publication IV. 

We used the water reduction model developed by Gunson et al. (2012) to calculate the 

water demand of a mining plant. In this method, the potential savings of a hypothetical 

mineral processing plant are calculated, consisting of a mineral processing plant that used 

froth flotation as a separation process to separate copper from copper sulphide ore, which 

has been crushed in a mill circuit. Water is used in the flotation process in the mill as 

cooling water, for cleaning and for dust suppression, among other things.  

Three options of tailing disposal are compared. The first option is a base case scenario 

considering the use of conventional tailings disposal. The other options include 

dewatering technologies such as thickening and filtered tailings to recycle more water 

into the whole process. In addition, several water supply options are considered, as per 

the study by Aitken et al. (2017). These are desalinated water with RO, which delivers 

higher quality water, and water partially desalinated with filtration or precipitated with 

lime, which delivers a product of lower quality. To go beyond these studies, the option of 

using a higher and lower quality supply was also considered.  

In brief, the water reduction model included determining the system’s boundaries, which 

included selecting tailings disposal technologies, types of water used in the mine, the size 

of the mine, project life, energy mix and others. In Figure 3.3 a simplified scheme of the 

analysed system is presented. Then the amount of water used in the system in each option 

is calculated using the water reduction model introduced by Gunson et al. (2012). Capital 

expenditure (CAPEX) and operational expenditure (OPEX) are estimated to assess the 
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cost of each option, as well as energy consumption and GHG emissions. Subsequently, 

an ROA approach is applied that includes the use of Monte Carlo as sensitivity analysis 

and uncertainty analysis. 

 

Figure 3.3: Simplified scheme of the system analysed in Publication IV. Adapted from 

Araya et al. (2021). 

The energy component of each option is mainly energy used in water treatment and 

transport, which can consist of desalinated water with RO or partially desalinated water, 

and in tailings disposal, which can be done via conventional tailings disposal or 

dewatering technologies. For each option, energy consumption is estimated to compare 

and analyse the synergies and trade-offs in the water-energy nexus. A theoretical physical 

relationship is used to estimate the energy consumption represented with the following 

equation (Rothausen and Conway, 2011): 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑘𝑊 ℎ) =  
9.8 (

𝑚
𝑠2) ∗ 𝑙𝑖𝑓𝑡(𝑚) ∗ 𝑚𝑎𝑠𝑠(𝑘𝑔)

3.6 ∗ 106 ∗ 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%)
              (3.5) 

In addition, we estimated GHG emissions for each option by calculating the CO2 

equivalent emissions using different percentages of energy sources. The energy mix 

included different energy sources such as coal, oil, photovoltaic, biofuel, geothermal, 

solar and others. We considered three scenarios of CO2 emissions: minimum, median, and 

maximum.  

The selected case study corresponds to a large copper mine site located in  Chile´s 

Antofagasta region which resembled the Escondida mine (BHP, 2019, 2020). We 

assumed that all water demand must be fulfilled using seawater, which can be desalinated 

or partially desalinated, since this region suffers from water scarcity.  
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3.2 An economic evaluation of reprocessing mine tailings  

This section explains the method designed to complete objectives 3 and 4. It also presents 

an overview of the methods applied in Publications II and III. Publication II aimed to 

assess the valorisation of tailings by performing a techno-economic assessment where 

Chilean mine tailings were assessed to identify the quantities of CRMs in them. 

Technologies were reviewed and compared to proposed methods for recovering CRMs 

from tailings. As an economic assessment, the economic potential of the TSFs was first 

estimated as the in-situ value, considering the price and quantity of each CRM stored. 

The DCF method was used to calculate the net present value (NPV) of two projects based 

on recovering vanadium pentoxide and rare earth elements concentrate. The criteria to 

choose these two options was the price and quantities stored in the assessed inactive 

tailings facilities.  

In Publication III, a procedure was designed to assess the uncertainty in a mining project 

based on reprocessing tailings. This procedure uses ROA as a complement to the DCF 

method. The binomial decision tree was used to implement ROA. In addition, sensitivity 

and uncertainty analysis were used. 

3.2.1 Data collection of tailings depositories 

To assess the production of CRMs using mine tailings as a resource, an assessment of 

tailings deposits was first performed. The case study consisted of 477 Chilean tailings 

facilities, whose information was available on the National Service of Geology and 

Mining of Chile (SERNAGEOMIN) (SERNAGEOMIN, 2018). From this database, the 

concentration of several chemical elements, including CRMs, and the total and 

accumulated mass during a specific period is available for the case of active tailings. 

Tailings deposits in Chile are mainly located in the north and centre of the country. We 

focused on the Antofagasta Region because it hosts some of the largest mine plants in the 

country; therefore, the largest tailings deposits are there (SERNAGEOMIN, 2018). 

Figure 3.4. shows the ten most extensive active tailings in Chile, four of these deposits 

are in Antofagasta Region, situated in the Atacama Desert. This database was used in 

Publications II and III. Table 3.2 features an example of the geochemical characterisation 

of one mine tailings deposit from this database.  
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Figure 3.4: Largest active tailings deposits in Chile. Source: SERNAGEOMIN.  

Table 3.2: Example of the information of the geochemical characterisation of a tailings 

deposit adapted from SERNAGEOMIN (2018). 

Resource Mass (t) Approved mass 

(t) 

Cu (g/t) V (g/t) Co (g/t) Y (g/t) 

Copper 142796036 1350000000 981 125 12.00 82 

Nb (g/t) Ba (g/t) Sc(g/t) Hf (g/t) Ta (g/t) Sb (g/t) Bi (g/t) 

28 486 11 8.56 0.13 10.31 <10 

Ni (g/t) Zn (g/t) Rb (g/t) Sr (g/t) Zr (g/t) Pb (g/t) Cs (g/t) 

84.00 159 329 68 557 50 6.53 

Th (g/t) U (g/t) As (g/t) Mo (g/t) Sn (g/t) Ag (g/t) Cd (g/t) 

55.93 22.23 <20 415.970 85.2 21.4 12.1 

W (g/t) S Total (%) SiO2 (%) Al2O3 (%) TiO2 (%) Fe2O3 (%) CaO (%) 

<10 0.85 63.09 14.43 0.55 5.91 0.8 
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MgO (%) MnO (%) Na2O (%) K2O (%) P2O5 (%) PPC (%) SO3 (%) 

2.05 0.09 1.58 6.01 0.13 4.740 

 

SUM (%) La (g/t) Ce (g/t) Pr (g/t) Nd (g/t) Sm (g/t) Eu (g/t) 

99.690 42.710 80.380 10.150 34.120 7.550 1.010 

Gd (g/t) Tb (g/t) Dy (g/t) Ho (g/t) Er (g/t) Tm (g/t) Yb (g/t) 

6.07 0.85 4.47 0.87 2.41 0.36 2.35 

Lu (g/t) Au (g/t) Hg (g/t) Cr (g/t) 

0.32 <0.02 0.03 41 

 

The in-situ value of the tailings deposits was estimated as a monetary value obtained when 

the amount of each CRM was multiplied by the current price of each material. This 

procedure allowed us to get an idea of which CRMs are more profitable to extract and 

which TSFs to focus on. Quantities of CRMs stored in tailings were calculated at a 

regional and national level.  

A literature review about existing technologies for processing tailings was conducted. 

Technologies for processing primary ores were also considered. Most of the technologies 

found for reprocessing tailings are at an early stage of research at the laboratory or pilot 

plant scale, which means these technologies still require development to become 

industrial-scale processes. 

3.2.2 Economic assessment using traditional valuation tools 

This section describes the economic tools and methods used in Publications II, III and IV. 

In Publication II, we estimated the NPV of two projects based on recovering CRMs from 

tailings, and in addition, sensitivity analysis was performed. In publication III, a 

procedure was designed to assess the uncertainty of a project based on reprocessing 

tailings, where real options analysis (ROA) was used as a complement to the DCF 

method. A binomial tree was the method chosen to perform ROA. In Publication IV, the 

economic assessment consisted of calculating each option's costs and using a ROA 

approach, which was complemented with sensitivity and uncertainty analyses. In 

publication IV the focus was on improving the water-energy nexus, instead of 

reprocessing tailings. 

Project valuation is the process of assigning monetary value to a project. For this purpose, 

the project revenues and the cost are estimated over the project’s life cycle. Hence the 

project value, in a simple way, is the difference between the revenues and the costs (Baker 

IV et al., 2006; Brandão et al., 2005; Kodukula and Papudesu, 2006; Leslie and Michaels, 

1997; De Reyck et al., 2008; Žižlavský, 2014). If the project value is positive, it is 

considered feasible to invest in it (Kodukula and Papudesu, 2006; Leslie and Michaels, 

1997; Mun, 2002; De Reyck et al., 2008; Žižlavský, 2014). The quality of the project 

valuation will depend on how effectively these three factors are included: cash flow 

streams for the entire duration of the project, the discount rate, and the possibility of 
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changing the course of the project (Kodukula and Papudesu, 2006). Project cash flows 

are the difference between the revenues and the project’s costs during the project’s life 

cycle. The costs should include the initial investment for the project and the production 

phase (Arnold, 2014; Kodukula and Papudesu, 2006).  

Valuation methods assume that money today has a higher value than in the future, so to 

acknowledge that assumption, we use a discount rate to transform the future value of the 

cash flows into money at the present time. The discount rate should be adjusted to the risk 

perceived by the type of project (Kodukula and Papudesu, 2006). 

The DCF method consist of calculating the future cash flows of a project to decide 

whether it is feasible or not to invest, by estimating the net present value (NPV) of the 

project (Arnold, 2014; Kodukula and Papudesu, 2006; Mun, 2002; De Reyck et al., 2008; 

Žižlavský, 2014). NPV is the chosen metric for most project valuations (Arnold, 2014). 

To calculate NPV, cash outflows, which are the project’s costs, are deducted from the 

cash inflows, which represent the project’s revenues (Kodukula and Papudesu, 2006; De 

Reyck et al., 2008; Žižlavský, 2014). In addition, all cash flows are discounted to generate 

NPV. If the NPV is positive, then the project is feasible because the revenues exceed the 

project’s expenses (Arnold, 2014; Kodukula and Papudesu, 2006). On the other hand, if 

the NPV is negative, the project is not feasible because the costs are higher than the 

revenues. If the NPV is zero, the project’s return equals the expenses (Arnold, 2014; 

Kodukula and Papudesu, 2006). 

The NPV can be calculated using the following equation (Kodukula and Papudesu, 2006): 

𝑁𝑃𝑉 = 𝑃𝑉 𝑜𝑓 𝑓𝑟𝑒𝑒 𝑐𝑎𝑠ℎ 𝑓𝑙𝑜𝑤𝑠 𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝ℎ𝑎𝑠𝑒 − 𝑃𝑉 𝑜𝑓 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝑠 𝑐𝑜𝑠𝑡𝑠  (3.6) 

where PV is the present value estimated as the cost and net revenue during the 

development and production phase, which represents the free cash flows of an investment 

project, embodied in the following equation: 

𝑃𝑉 =
𝐹𝑉

(1 + 𝑟)𝑛
                                                       (3.7) 

where FV is the future value, r is the discount rate per period and n is the number of 

periods. 

Traditional valuation tools, including the DCF method, have been widely used for a long 

time to assess the profitability of projects. Even though these methods are effective in 

several cases, they have certain challenges (Arnold, 2014; Baker IV et al., 2006; 

Kodukula and Papudesu, 2006; Leslie and Michaels, 1997; De Reyck et al., 2008). One 

of the biggest dilemmas when using DCF is to choose a discount rate. The main factors 

determining discount rate value are the magnitude and the type of risk whether there is 

uncertainty associated with the cash flows (Kodukula and Papudesu, 2006). There are 

several methods designed to consider uncertainty when calculating the NPV, such as: 
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increasing the discount rate, using sensitivity and uncertainty analyses, comparing 

different scenarios of cash flows, or estimating cash flows through scenario planning and 

the probability distribution (Gaspars-Wieloch, 2019). 

3.2.3 Real options analysis  

If a project’s cash flows are associated with considerable uncertainty and contingent 

decisions are involved, then traditional tools do not have the flexibility to consider 

changing the course of projects (Arnold, 2014; Baker IV et al., 2006; Kodukula and 

Papudesu, 2006; Leslie and Michaels, 1997; De Reyck et al., 2008). ROA complements 

traditional valuation methods, which seek to analyse different possible choices for an 

investment project to give it flexibility, unlike conventional valuation methods. 

According to Trigeorgis (1996), “a real option is a right or a choice, but not an obligation, 

to begin business initiatives connected to real assets or within real assets.” 

ROA adds value to an economic analysis like the DCF method by considering different 

options such as waiting to invest, abandoning an investment, or expanding a business. 

Then, more opportunities and flexibility are available when a project is surrounded by 

considerable uncertainty (Kodukula and Papudesu, 2006). ROA can be applied using 

different methods such as the Black & Scholes equation, decision trees or binomial trees, 

the Datar-Mathews model, which uses cash flow scenarios combined with Monte Carlo 

simulation, and the fuzzy payoff method (Collan, 2011). 

A binomial tree solved using risk-neutral probabilities was used in Publication III 

following the procedure depicted by Kodukula and Papudesu (2006). Risk-neutral 

probabilities are used as a mathematical tool to discount cash flow using a risk-free 

interest rate (Kodukula and Papudesu, 2006). Figure 3.4 shows a generic binomial tree. 

 

Figure 3.4: Generic binomial tree, adapted from Kodukula and Papudesu (2006). 

The following inputs are needed to build a binomial tree: a risk-free rate (r); value of the 

underlying asset (So), which is the present value of the projected free cash flows obtained 

with the DCF method; volatility factor (σ), which measures the variability of the 

underlying asset throughout its lifetime; cost of exercising the option (X); life of the 
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option (T); and time frame (δt). With the input mentioned, the up (u) and down (d) factors 

are calculated. The following equations describe the up-and-down factor and the risk-free 

probability (Kodukula and Papudesu, 2006): 

𝑢 = 𝑒𝑥𝑝(𝜎√𝛿𝑡)                                                                   (3.8) 

𝑑 =
1

𝑢
                                                                                   (3.9) 

𝑝 =
exp(𝑟𝛿𝑡) − 𝑑

𝑢 − 𝑑
                                                                 (3.10) 

3.3 Sensitivity and uncertainty analyses  

This section is about sensitivity and uncertainty analysis used in this dissertation. In the 

Publication I, sensitivity analysis is performed in only one parameter: altitude. In 

Publication II, sensitivity analysis is used to evaluate the variation of four parameters 

involved in calculating the NPV: these are CAPEX, OPEX, CRM price and the discount 

rate. As a complement, the design of experiments combined with the response surface 

method was used to analyse the interactions of these parameters. In Publication III, 

sensitivity and uncertainty analyses were used by performing Monte Carlo simulation. In 

Publication IV, sensitivity analysis and uncertainty analysis were again used in a similar 

procedure as in Publication III. 

There is always uncertainty associated with a project, and it can be uncertainty in the data, 

and stakeholder reactions, among other factors (Munier, 2014). As a complement to the 

DCF method, sensitivity analysis can be performed on the NPV to explore the sensitivity 

of key input parameters (Gaspars-Wieloch, 2019). Sensitivity analysis is performed to 

analyse how uncertainties in the inputs of a mathematical model or system can be 

distributed into sources of different uncertainty in its inputs (Loucks and van Beek, 2005; 

Munier, 2014). Sensitivity analysis is used as the last step in a procedure of assessing or 

selecting a technology or a process (Ibáñez-Forés et al., 2014). Uncertainty analysis is 

usually performed with a sensitivity analysis (Borgonovo, 2017) because its function is 

to assess the uncertainty in model outputs due to the uncertainty in the inputs (Cacuci, 

2003). Moreover, uncertainty analysis describes the probability of occurrence of each 

outcome (Loucks and van Beek, 2005). 

The DCF method can be complemented with sensitivity and uncertainty analyses to 

understand the effect of several inputs to the results, which is the NPV (Gaspars-Wieloch, 

2019; Pivorienė, 2017; De Reyck et al., 2008). In project valuation, Monte Carlo 

simulation can be used as sensitivity analysis, which is a method that consists of 

simulating many possible outcomes and scenarios of a project or process, estimation of 

the NPV for each scenario, and the analysis of the probability distribution of the NPV 

results (Kodukula and Papudesu, 2006). Methods to perform sensitivity analysis include 

simulation and scenario techniques. Global sensitivity analysis methods consider the 
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interactions between input factors by changing them simultaneously over specified ranges 

to study the changes in the outputs (Saltelli et al., 2010; Sepúlveda et al., 2017). These 

methods can manage non-linear and non-additive responses and observe relationships 

between multiple factors.  
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4. Publications and review of the results 

This chapter reviews the objectives, results and contributions of the publications 

presented in this dissertation. 

4.1 Publication I: Design of desalinated water distribution networks: 

Complex topography, energy production and parallel pipelines 

4.1.1 Overview 

Water and energy are intrinsically related, as we need energy to transport and treat water 

and water is needed to produce energy (Hamiche et al., 2016). Mining processes can be 

both water- and energy-intensive (Ihle and Kracht, 2018) since mining plants are usually 

located in areas that are arid or semi-arid, implying that the water is scarce, so the supply 

of continental water may not be an option for the mine site (Cisternas and Gálvez, 2018). 

Seawater has become a source of freshwater due to the development of more efficient 

desalination technologies (Knops et al., 2013). RO is the most used desalination process 

since its energy requirements are lower than distillation-based thermal processes (Shenvi 

et al., 2015).  

Transporting desalinated water to the mine site is a significant challenge because of 

complex topography. Water needs to be transported upwards through areas that feature 

significant changes in altitude (Araya et al., 2017). The water supply costs can be twice 

or more than desalination costs (Herrera-León, Lucay, et al., 2019). Usually, mining 

companies located in arid areas rely on part of its water supply of desalinated water 

(Herrera-León, Lucay, et al., 2019). An integrated WDN to supply water to several mine 

sites could reduce costs and improve the industrial symbiosis between different 

companies (Herrera-León, Lucay, et al., 2019). In areas with complex topography, which 

this study defines as an area with significant altitude changes, energy recovery devices 

can be placed in the WDN to produce energy. Energy recovery devices that could be used 

for this effect are called pumps as turbines (PATs), which can reduce pressure in the 

system and additionally produce electricity (Tricarico et al., 2014b), like in hydropower 

generation (McNabola et al., 2014; Nogueira-Vilanova and Perrella-Balestieri, 2014a; 

Zakkour et al., 2002).  

When considering an integrated WDN to supply several mining companies, parallel 

pipelines can be considered to divide the water flow and improve the reliability of the 

WDN (Gupta et al., 2014). The methodologies to design water supply systems often result 

in MINLP models, where the objective is to optimise cost. However, the problem can also 

be multi-objective, such as finding the point where the WDN cost, and the environmental 

impact are lowest. There are several studies about the mathematical optimisation of WDN 

(Amit and Ramachandran, 2009; Atilhan et al., 2011; El‐Halwagi, 1992; Herrera-León, 

Lucay, et al., 2019; Liu et al., 2011). 
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4.1.2 Research objective 

This study aims to provide a method for designing a water supply system to provide 

desalinated water for several mining companies. The mathematical model includes the 

following elements to design the WDN: energy recovery devices, parallel pipelines, and 

complex topography. The model’s energy recovery devices are PATs, for producing 

energy in the network using hydropower principles. Parallel pipelines are used to split the 

water flow when the water requirement is large and cannot be supplied with one pipeline. 

In this study, complex topography means an area with significant altitude changes caused 

by mountain ranges.  

4.1.3 Contributions  

The main contribution of this study is assessing the use of PATs to produce energy in a 

WDN for supplying water to the mining industry where they are yet not used. PATs are 

energy recovery devices used in urban water supply systems to decrease pressure, and 

there are some applications for energy production. These devices can be used in areas 

with complex topography, meaning isolated areas and changes in elevation as the 

pipelines go from the seashore to the mining site. For mine sites located in arid areas, 

desalinated water is necessary. 

We presented a method to simultaneously design the WDN to provide desalinated water 

for mining plants situated in an area with difficult access. In addition, the model can find 

size and place of RO plants, pipelines, pump stations and energy recovery devices. A case 

study based on an area in northern Chile was used to validate the model. A superstructure 

was used to represent a complete set of options of WDN, including RO plants, pipelines, 

pump stations and energy recovery devices. The optimal solution for the model is found 

by minimising the costs of the WDN. 

Results show that the use of PATs in areas with complex topography is viable in some 

cases to produce energy in the WDN in areas where more significant elevations in altitude 

are often avoided when planning the construction of the WDN. Parallel pipelines are an 

option to provide desalinated water to several mining plants when the water flow exceeds 

the limit allowed.  

4.2 Publication II: Towards mine tailings valorisation: Recovery of 

critical materials from Chilean mine tailings 

4.2.1 Overview 

Mine tailings are the waste obtained after processing ore in a mineral processing plant. 

They are usually in the form of slurry containing crushed ores and water and can account 

for 99% of all crushed ore processed in a plant (Adiansyah et al., 2015; Edraki et al., 

2014). Mine tailings can be a significant environmental problem, and they need to be 
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stored and handled following guidelines and norms that can differ depending on the 

country (Adiansyah et al., 2015; Edraki et al., 2014; Franks et al., 2011). If tailings contain 

sulphide ores, then the production of AMD must be avoided since it is environmentally 

harmful (Larsson et al., 2018; Moodley et al., 2017). 

The valorisation of tailings is fundamental to closing loops that mining needs to achieve 

a circular economy (Kinnunen and Kaksonen, 2019; Lèbre et al., 2017b, 2017a; Tayebi-

Khorami et al., 2019). Several options can be considered to valorise tailings: using tailings 

as a construction material, for backfilling material, for ceramics, for reprocessing tailings 

to obtain valuable metals, and CO2 sequestration (Lottermoser, 2011). 

Recent studies show that mine tailings contain several elements of interest, including 

CRMs (Ceniceros-Gómez et al., 2018; Markovaara-Koivisto et al., 2018; Moran-Palacios 

et al., 2019; Tunsu et al., 2019). CRMs are a category of elements and minerals deemed 

economically important and vulnerable to supply disruption (European Commission, 

2020), which includes rare earth elements, vanadium, cobalt and the like (European 

Commission, 2020). Nowadays, new sources of CRMs are being sought, such as mining 

waste and metal scrap. The use of secondary sources, like mine tailings or metal scrap, 

can reduce the exploitation of primary resources, consequently decreasing mining 

production, contributing to the achievement of the circular economy (Lèbre et al., 2017b; 

Lottermoser, 2011). 

4.2.2 Research objective 

This study aims to assess the reprocessing of Chilean mine tailings as a resource of CRMs 

by conducting a techno-economic assessment of an investment based on obtaining CRMs. 

Chilean mine tailings deposits were assessed based on the quantities of CRMs. As a 

technological assessment, we performed a revision of technologies suitable for 

reprocessing mine tailings and technologies for processing primary sources to obtain 

CRMs. The main part of the study and its core is the economic assessment, which 

estimates the in-situ value of tailings deposits in Chile, mainly from copper ore processing 

mines, according to price and geochemical characterisation of tailings and quantities of 

CRMs. Subsequently, an assessment on the profitability of reprocessing tailings was 

performed based on producing rare earth oxides or vanadium pentoxide. The DCF method 

was complemented with sensitivity analysis.  

4.2.3 Contributions  

This study shows that Chilean TSFs of the copper industry have quantities of several 

CRMs. Hence, an evaluation of the economic potential of reprocessing mine tailings that 

includes geochemical content and technologies evaluation, as well as an economic 

assessment, will improve the knowledge to achieve valorisation of mine tailings as a 

source of CRMs. 
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This study adds knowledge by adding a novel techno-economic assessment for producing 

CRMs by reprocessing mine tailings. Its main contribution is to show the economic 

potential of Chilean mine tailings by performing a techno-economic assessment of two 

investment projects based on recovering vanadium pentoxide and rare earth concentrate 

from tailings.  

The DCF method is widely used to evaluate a project’s economic output. However, this 

method lacks flexibility. Therefore, a sensitivity analysis was performed on the results of 

the NPV by analysing the effect of the market prices of CRMs, CAPEX and OPEX on 

the options assessed for producing CRMs. The options analysed were producing rare 

earths concentrate or producing vanadium pentoxide. The results show that the production 

of vanadium pentoxide is feasible under certain conditions. 

4.3 Publication III: Feasibility of reprocessing mine tailings to obtain 

critical raw materials using real options analysis  

4.3.1 Overview 

Reprocessing mine tailings to recover remaining elements and minerals is a novel 

approach to valorise mining waste and, as a consequence, reduce the mining of primary 

resources (Kinnunen and Kaksonen, 2019; Lottermoser, 2011). Nonetheless, an 

industrial-scale project based on reprocessing tailings needs technology development, 

business models and environmental impacts assessments (Kinnunen and Kaksonen, 

2019). Indeed, a new mining investment requires considerable financial resources, 

making mining investments high-risk operations with a high level of uncertainty, which 

is even more stressed in the case of innovative projects (Guj and Chandra, 2019; 

Savolainen, 2016; Savolainen et al., 2017). Therefore, there is an urgent need to assess 

innovative projects that produce CRMs using mine tailings as a mineral resource.  

Several authors have studied mine tailings for reutilisation and reprocessing to reduce the 

amount of waste stored and add value (Ceniceros-Gómez et al., 2018; Hällström et al., 

2018; Macías-Macías et al., 2019; Markovaara-Koivisto et al., 2018; Peelman et al., 2016; 

Szamałek et al., 2013; Tunsu et al., 2019). Circular economy principles include 

reutilising, reprocessing, and reducing waste. Innovative processes for reutilising or 

reprocessing tailings include sequestration of CO2 (Azadi et al., 2019; Marín et al., 2021); 

ceramics and construction aggregates (Benarchid et al., 2018; Khudyakova et al., 2020), 

and reprocessing to obtain metals and minerals (Kinnunen, 2019; Sapsford et al., 2017). 

4.3.2 Research objective 

This study aims to develop a procedure to evaluate the profitability of producing CRMs 

using mine tailings as a mineral resource, including the consideration of adding flexibility 

using real options analysis. The development of business models, technology and 

environmental assessments is much needed to valorise tailings.  
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The NPV estimated with the DCF is used as a starting point; then, different outcomes of 

a project to obtain a CRMs are assessed with ROA, which is applied using binomial tree 

analysis with the method of risk-neutral probabilities. As a complement, Monte Carlo 

simulation is applied as sensitivity and uncertainty analyses to study the influence of 

inputs on the NPV. 

The framework developed in this study is applied to a case study based on active mine 

tailings situated in Chile´s Antofagasta Region. This region features several mining 

projects based on copper resources, leaving enormous volumes of mine tailings stored 

without economic purpose. The methods were validated considering an investment based 

on the production of scandium.  

4.3.3 Contributions 

This article provides a novel approach to assess an innovation project for reprocessing 

mine tailings to obtain CRM, including methods to study the uncertainty on inputs to add 

flexibility. ROA and sensitivity and uncertainty analyses add value, so decision-makers 

can explore alternatives while waiting for uncertainty to clear to invest, re-estimate the 

project payoff, or abandon a project. This article states that the DCF method does not 

consider uncertainties associated with the input variables. Hence, the use of the DCF 

method must be complemented. 

Mine tailings are a potential resource for mitigating the impacts of mining waste and to 

close loops in the circular economy. Moreover, using mine tailings will help decrease the 

exploitation of virgin resources. Tools are needed to develop business models for the 

future, since the recovery of CRMs from tailings is still a novel approach. 

4.4 Publication IV: Use of real options to enhance the water-energy 

nexus in mine tailings management 

4.4.1 Overview 

The mining industry has a significant impact on water resources since mining activity is 

usually performed in arid regions (Cisternas and Gálvez, 2018). Nowadays, desalination 

technologies are widely used to supply water to mining companies since freshwater is 

scarce (Cisternas and Gálvez, 2018; Herrera-León, Cruz, et al., 2019). Water 

requirements in mining are increasing (Nguyen, Ziemski, et al., 2014); one of the reasons 

for this is the decrease in ore grades (Mudd, 2008). Metal production with lower ore 

grades will expand, leaving large amounts of waste and requiring more water which needs 

to be treated and stored. Hence there is a concerning need for frameworks aiming for 

sustainable tailings management, including adequate water and energy management 

(Adiansyah et al., 2015).  



 Publications and review of the results 

 

54 

The water-energy nexus is the study of the relationship between water and energy 

(Hamiche et al., 2016). If mine plants rely on desalinated seawater, water must be pumped 

to the mine site, implying a massive amount of energy (Herrera-León, Lucay, et al., 2019). 

Dewatering technologies can be used to decrease the water percentage in tailings (Ihle 

and Kracht, 2018). However, they can be more expensive than conventional tailings 

disposal due to higher energy consumption (Aitken et al., 2017; Gunson et al., 2012). 

Nevertheless, dewatering technologies are fundamental since reducing water content will 

improve its stability, preventing environmental disasters and ensuring less volume 

requiring storage (Adiansyah et al., 2015; Aitken et al., 2017; Gunson et al., 2012; Ihle 

and Kracht, 2018). 

4.4.2 Research objective 

This study aims to evaluate options to improve the water-energy nexus in mine sites 

focusing on TSF, using a real options approach to analyse the water-energy nexus in 

tailings treatment and disposal and water supply to the mine site. Reducing energy and 

water consumption targets desired in mining may be contradictory, since reducing water 

often implies investing in energy-intensive technologies. The approach deployed in this 

study consists of using a water reduction model (Gunson et al., 2012) on a real mining 

case study consisting of a large industrial copper operation located in an arid area. In the 

water reduction model, we considered dewatering technologies for tailings management 

and different water qualities of desalinated water as a water supply. Water transport is 

also considered in the model since mining companies are usually located a considerable 

distance from the coast. An ROA approach is introduced to study the water-energy nexus 

when using different options of dewatering technologies and water supply by calculating 

CAPEX, OPEX and energy consumptions and the GHG emissions of each technology. A 

real options approach is applied using uncertainty and sensitivity analysis to all options 

analysed to determine the trade-offs in every option analysed.  

4.4.3 Contributions 

We estimated the economic output, energy consumption and GHG emissions of various 

water supply and mine tailings disposal options for a mine site to compare different 

options of water and tailings management. We used an approach, consisting of the 

following methods: real options approach, sensitivity, and uncertainty analysis to assess 

different water supply scenarios, and mine tailings disposal technologies, aiming to 

evaluate the water-energy nexus and find the best suitable option. We used sensitivity and 

uncertainty analyses to study the uncertainties in costs of the different options assessed. 

The results indicate that transport is the most significant cost component when mining 

plants are located a considerable distance from the coast, and which need desalinated 

water. Therefore, efforts to reduce water consumption at the mine site are crucial. Since 

tailings are the main water sink of most mines, investing in dewatering technologies 

seems vital to ensure the sustainable use of water resources. The water-energy nexus must 
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be analysed to choose the options that present the best outcome to achieve efficiency in 

energy consumption and water resources requirements. Replacing conventional tailings 

disposal technology with dewatering technologies would reduce the water requirement of 

the mine site. Nevertheless, energy consumption would increase, so the analysis of the 

whole energy and water requirements at the mine plants is needed to find the best 

solutions according to each case. Seawater use in the mining industry has increased, 

intensifying energy demand. Therefore, it is necessary to reduce GHG emissions by using 

renewable energy sources.  
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5. Summary 

The circular economy aims to close the loops in which materials and products lose value, 

eliminate waste and pollution and regenerate ecosystems. Meanwhile, sustainable 

development aims to achieve long-term economic well-being. In mining, decreasing the 

extraction of primary ore, limiting the production of tailings, and achieving efficient use 

of water and energy are part of the strategies that the mining industry needs to apply to 

implement sustainable processes. Reprocessing mine tailings will reduce the volume of 

stored tailings, reducing the need for mining ores. Another challenge for the mining 

industry is reducing and optimising the demand for freshwater, especially in arid zones. 

This dissertation aims to develop methods to improve water and mine tailings 

management in mining processes. 

This chapter presents the conclusions related to the research questions presented 

previously in this dissertation, followed by the theoretical contribution of this study, 

managerial implications, limitations of the study and future research. 

5.1 Conclusions 

Objective 1: To improve water management at mine sites by designing integrated water 

supply systems that include energy recovery devices in areas with complex topography.  

RQ 1.1. Is an integrated water supply system that includes energy recovery devices 

feasible in areas with complex topography? 

A method was developed to design a water distribution network to supply mining plants 

located in an area with complex topography with desalinated water, which includes the 

following elements: location and size of RO plants, pipelines, pump stations and PAT 

stations. The method was validated with a case study that corresponds to a geographic 

area in the Antofagasta region, including four mining plants (Araya et al., 2018). This 

area features several changes in altitude, as it is in the Atacama Desert, which is crossed 

by the Chilean Coastal Range. 

The optimal solution resulted in a WDN that considers one desalination plant to supply 

the four mining plants and PATs located in locations at altitude. Additionally, the optimal 

solution included the use of parallel pipelines. A ranking of solutions was presented, 

showing that an integrated system prevails over the traditional water supply system, 

consisting of a desalination plant and a set of pumping stations and pipelines to each 

mining plant (Araya et al., 2018). 

We considered a supply of desalinated seawater because in the future is very likely that 

water consumption of industrial facilities will correspond to recycled water or desalinated 

water due to the scarcity of inland water resources. Furthermore, regulations for industrial 

use of water resources nowadays are more severe for companies due to impacts that the 

irresponsible use of water resources has had in the past related to environmental pollution 
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and conflicts with communities nearby. Hence the companies need to fulfil stricter 

requirements to obtain the social licence to operate. Results obtained in Publication I 

confirm that an integrated water network is more efficient in providing water to several 

mine sites, which other authors proposed previously. Still, it adds the element of energy 

production to the network. 

RQ 1.2. Is it economically and technically feasible to use energy recovery devices in 

the water supply system? 

Using energy recovery devices, in this case using PATs, is feasible in the presence of a 

tremendous difference in altitude between two nodes. Having an integrated system to 

supply desalinated water to several mining plants reduces the WDN costs and enhances 

the industrial symbiosis between different companies. Moreover, PATs can reduce costs 

by producing energy, which can be used in the water distribution network (Araya et al., 

2017, 2018). 

The difference in altitude between two nodes, in which the option of using PATS was 

considered, was varied to understand in which situations PATs are a feasible option, from 

both technical and economic aspects. This analysis showed a difference in altitude where 

the option of PATs is not technically possible (Araya et al., 2018).  

Results show that, in some cases, PATs could help reduce the dependence on external 

energy sources by producing energy for the system. There is still a firm reliance on fossil 

fuels for energy production, and countries need to reduce their use to reduce their 

contribution to climate change. Replacing fossil fuels is possible by using renewable 

sources and more efficient processes, which is a challenge ahead.  

RQ 1.3. When is using parallel pipes a feasible option in the water supply system? 

Parallel pipes are needed when the water flow is larger than the maximum water flow 

allowed in industrial pipelines. In the case of an integrated water supply system, using 

parallel pipelines is a viable option when supplying water to more than a mine site. The 

optimal solution features parallel pipes. Furthermore, the first three solutions include 

parallel pipes, demonstrating that parallel pipes are needed when supplying several mines 

(Araya et al., 2018). Seawater in arid zones could be the only water supply option for the 

future, so using parallel pipelines is a feasible option if we think of integrated water 

networks for several industrial sites. 

Objective 2: To propose a framework of sustainable mine tailings management that 

includes dewatering tailings technologies and water supply to improve the water-energy 

nexus in mining plants, focusing on mine tailing’s facilities. 

RQ 2.1. What is the relationship between water and energy in the copper mining 

industry for different tailings disposal methods? 
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The treatments for disposing of tailings include conventional tailings disposal and 

dewatering technologies like thickened tailings and filtered tailings. A slurry containing 

about 30% solids and 70% water is obtained using conventional tailings. Dewatering 

technologies are cost-intensive compared to conventional tailings disposal, but the 

tailings obtained with these technologies contain less water. Depending on the 

technology, the water content can be 10–40%; however, they consume more energy, emit 

more GHG emissions and reduce the water demand on the mine, since a percentage of 

water can be recycled back to the process. 

RQ 2.2 How can the water-energy nexus be improved using a real options approach? 

Mine tailings are produced mainly in the flotation process, which is part of the 

concentration plant. As it was previously discussed, in the case of Chile, the concentration 

plant represents the most significant use of freshwater resources in the mining industry. 

Reducing the water content of tailings involves investing in dewatering technologies, 

which are perceived as energy-intensive. However, these will reduce the need for 

freshwater resources in the long term. ROA can be used to analyse several options of 

water management at the mine site, including several options of tailing´s dewatering 

technologies and several technologies to obtain desalinated water or partially desalinated 

water to supply the mine site.  

RQ 2.3 In which scenarios can the water-energy nexus be improved? 

Nowadays, several mine sites use desalinated seawater in their processes, which must be 

transported to the mine site; this requires significant amounts of energy. An option to 

reduce the water requirement to the mine is to recycle water from tailings, which can be 

done by using dewatering technologies. However, these are seen as cost-intensive due to 

their energy requirements (Araya, Ramírez, Cisternas, et al., 2021; Gunson et al., 2012; 

Ihle and Kracht, 2018). If dewatering technologies are used, then the water requirement 

to the mine is considerably lower, reducing overall cost, since the major cost component 

in many cases is the water transport from the desalination plant to the mine site. 

Objective 3: To investigate the feasibility of reprocessing mine tailings to obtain CRMs 

as an option to valorise tailings and reduce primary resource mining. 

RQ 3.1. What CRMs can be recovered from mine tailings? 

Mine tailings contain quantities of valuable metals and elements, including some CRMs. 

A procedure to assess the valorisation of mine tailings was developed, focusing on the 

recovery of CRMs. The procedure was validated with a case study that corresponds to 

inactive mine tailings deposits located in the Antofagasta region (Araya et al., 2020). 

Mine tailings of copper mining in Chile contain several CRMs, including rare earths, 

vanadium, cobalt, and scandium. A ranking of CRMs that could be extracted from mine 

tailings was presented, the CRMs were evaluated according to the quantity present in 

tailings deposits and the price of the CRMs. This analysis showed that rare earths, cobalt, 
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scandium and vanadium could be extracted from inactive TSF located in the Antofagasta 

region due to their price and quantity (Araya et al., 2020). 

RQ 3.2. What are the challenges to producing CRMs using mine tailings as a 

resource? 

Emerging technologies for recovering CRMs from mine tailings were reviewed, showing 

that technology development is still under development for recovering CRMs from mine 

tailings on an industrial scale. At this time, most of the research is still on the laboratory 

and pilot-scale (Araya et al., 2020). Further research should be focused on new strategies 

to consider the use of mining waste beyond mine closure (Lèbre et al., 2017a). 

Requirements that stakeholders place on mining companies are stricter than in the past. 

Nowadays, companies are encouraged to improve their processes to be more efficient 

regarding water and energy usage and reduce waste production. Repurposing waste 

streams is part of the circular economy principles. Reprocessing tailings is still a novel 

approach to obtaining valuable elements because the ore grade in tailings is low compared 

to primary resources. In addition, several aspects need to be further studied, like suitable 

technologies to separate the valuable elements from tailings, environmental costs, and 

business models that could be used to develop this investment. Also, there is a need for 

regulations and incentives for companies. In the future may need to recycle or reprocess 

tailings to comply with mine closure regulations. 

RQ 3.3. Is it economically feasible to invest in a project developed around the idea of 

reprocessing mine tailings to obtain CRMs? 

The economic assessment developed to assess the reprocessing of mine tailings to 

produce CRMs showed that, in certain conditions, the recovery of CRMs is feasible. NPV 

of two projects was estimated, one based on the production of rare earths concentrate and 

another based on vanadium pentoxide production. Results showed that a project based on 

the recovery of vanadium pentoxide is feasible (Araya et al., 2020). 

Alongside the DCF method, a sensitivity analysis was implemented on the inputs of NPV 

to understand which variables have a more significant effect on the NPV. The input 

variables studied were capital expenditures, operational expenditures, price of the CRM 

and discount rate (Araya et al., 2020). Results show that an investment of a plant to 

reprocess mine tailings to obtain a valuable element, in this case, vanadium pentoxide, is 

feasible. However, some aspects, like social and environmental impacts, must be 

considered. Nevertheless, the results obtained in Publications II and III show a possible 

future for these investments.  

Objective 4: To develop a methodology to assess the feasibility of reprocessing mine 

tailings to obtain CRMs that include uncertainty.  

RQ 4.1. How can real options improve the decision to invest in a project using mine 

tailings as a source of CRMs? 
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A project based on recovering CRMs from mine tailings can have great uncertainty in 

their inputs. With ROA, we can include possible changes in a project evaluation that 

cannot be analysed using static methods. An investment project based on reprocessing 

tailings could be postponed or delayed, it could be expanded after some years of operation 

if proven successful, or it could be closed. ROA complements the DCF method by 

including other options for investment. ROA provides flexibility to a project based on the 

reprocessing of mine tailings, acknowledging the uncertainties involved (Araya, Ramírez, 

Kraslawski, et al., 2021).   

RQ 4.2. How can the net present value variables influence real options performance? 

The inputs of the NPV can have uncertainties that affect outcomes. Using the NPV as a 

decisive metric for investments can lead to mistakes in decision-making. The NPV is used 

as a starting point to ROA since it complements traditional tools rather than being a 

method by itself (Araya, Ramírez, Kraslawski, et al., 2021). Different outcomes of a 

project can be analysed with ROA. Even if a project may seem not feasible or with a low 

NPV, we can study the option of delaying the project based on the values of the 

parameters involved, such as prices of CRMs or costs of reprocessing tailings. 

5.2  Theoretical contribution of the study 

The theoretical contribution of this dissertation is a collection of methods to assess water 

management and mine tailings management in mining. The mining industry faces many 

challenges as industries need to fulfil sustainable development goals. We can use circular 

economy principles as a driver to achieve a sustainable future, such as recycling and 

reprocessing wastes. Reducing freshwater consumption helps achieve goal 6. Reducing 

freshwater usage by industries is imperative to allow equitable access to water, especially 

in arid zones where companies already have conflicts about water use. Efficient water use 

can be accomplished by replacing technologies and using other types of water, such as 

wastewater and seawater, or by increasing the recycled water rate. Water and energy are 

interconnected as energy is needed to treat and transport water, and water is needed to 

produce energy. Goal 7 is about fair and clean energy. Industries can contribute to this 

goal by increasing the use of renewable energies and improving energy efficiency in their 

processes. Goal 12 aims to use resources by recycling and reusing them responsibly. 

Recycling and reprocessing wastes are ways in which industries can contribute to this 

goal (United Nations, 2020). By directly aiming to accomplish Goals 6, 7 and 12, the 

mining industry can also contribute to Goal 13, which is about stopping global warming 

by reducing GHGs emissions. Publications I and IV contribute methods to improve water 

and energy use by mining companies, while Publications III and IV contribute with 

methods to evaluate tailings reprocessing. 

This dissertation´s contribution is a set of methods to improve mining processes regarding 

water and tailings management, including strategies to improve water and energy 

efficiency, reduce GHGs emissions and reprocess tailings. The first contribution of this 

dissertation is to provide a method to design integrated water supply systems to provide 
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desalinated water to several mining plants. The novel contribution of this method is to 

include the option of placing energy recovery devices in locations where the difference 

in altitude can be advantageous to produce energy as it is done in hydropower plants. 

Additionally, the method includes parallel pipes to fulfil the demand of several mine 

plants simultaneously.  

A second contribution is to provide a framework to assess water management options for 

a mine site focusing on mine tailings management and water supply, including the study 

of the water-energy nexus of each option, including calculations and comparison of costs, 

energy consumption, water requirement and GHG emissions.  

Other contributions of the dissertation are embedded in the field of mine tailings 

management. These contributions are a procedure to evaluate the viability of reprocessing 

mine tailings to obtain CRMs and a method for assessing the feasibility of reprocessing 

mine tailings with a real options approach. The novelty of these procedures is to evaluate 

the feasibility of projects based on the idea of obtaining CRMs from mine tailings, 

transforming a waste into a resource. 

5.3 Managerial implications 

The future of mineral processing operations is likely to be sustainable since nowadays, 

pressure is upon the mining industry to adapt its operations to this new era where climate 

change is accepted by the majority. Several changes need to be made to transform the 

mining industry, which will need the implementation of circular economy principles at 

all stages of operation and manufacturing to achieve sustainable development. The 

mining industry has the opportunity to improve its processes to contribute to the 

achievement of sustainable development.  

A holistic view of mining operations is required, including water and energy supply, an 

industrial symbiosis between mining companies, improving the water-energy nexus, and 

dialogue with the communities and governments. Mining plants need a social licence to 

operate in the places where they are located, but they also need to be accepted globally as 

part of an industry adapting to the future. 

Waste needs to be seen as a resource that allows the loops of industries to be closed and 

to reduce the use of virgin resources. Mine tailings are the main waste of mineral 

processing plants, and they must be appropriately stored and managed to avoid 

environmental disasters. However, we need to go beyond this, as mining waste can be 

reduced, reused, reprocessed, and recycled to add the value of waste. Publications II and 

III assess the reprocessing of tailings to recover CRMs. They could be used as a guideline 

to foundations of investments based on the production on industrial scale of CRMs from 

secondary sources like tailings. 

Water and energy consumption needs to be reduced. Improving the efficiency of energy 

resources will reduce GHG emissions. Dewatering technologies can be used to reduce 
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water content in tailings, so tailings have less volume to be stored, water can be recycled 

back into the process, and tailings could have more stability, which is essential for 

avoiding the displacement of tailings. However, these technologies are still not widely 

used by mining plants. Conventional tailings disposal is still used in most mine sites. It is 

even permitted to release tailings into rivers and oceans in some countries. Publication IV 

analysed different options to improve the water-energy nexus at mine sites, using ROA 

and focusing on each option’s energy efficiency and GHG emissions. 

Publications I and IV contributions are in the field of water management of mining. In 

the publication, I developed a method to design a water supply system including energy 

recovery devices to produce energy. Publication IV explores the options to improve the 

water-energy nexus at mine sites by analysing several water supply and dewatering 

technologies options. 

5.4 Limitations of the study 

A limitation of the study is the difficulty of finding accurate data about technologies 

suitable for recovering CRMs from mine tailings. In Publications II and III, technologies 

used for processing primary resources were considered analogously for processing mine 

tailings, with some consideration on production and ore grades. Another challenge is to 

find data on CAPEX and OPEX regarding the technologies considered, which was also a 

challenge in Publications I and IV. Sensitivity analysis was performed in each publication 

to address the uncertainties of data, and in some of the articles also uncertainty analysis. 

However, inaccurate data in the inputs of a model will impact the results. 

About data on prices of CRMs, some prices were not available since they are not public 

and are not available on the stock markets, making it difficult to estimate revenues.  

In Publications II and III, we also encountered the difficulty of finding detailed 

information on the tailing’s deposits, such as detailed geochemical content for estimating 

ore grades of different elements. This makes it challenging to assess tailings deposits.  

The environmental implications of an industrial process based on reprocessing tailings 

are unknown on an industrial scale. Hence this is a limitation of the publications since 

they addressed environmental and social concerns on the surface, rather than in detail.  

5.5 Future research 

Future research suggestions will focus on implementing the circular economy in mining 

processes, highlighting mine tailings management. Therefore, efforts should be made to 

create a framework that integrates water management in the reprocessing of tailings. 

Future studies should also incorporate the environmental and social dimensions of mine 

tailings management. 
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Indicators are needed to address all the dimensions of sustainability – economic, 

environmental, technological, social and governance – focused on mine tailings. So, the 

current state of tailings facilities must be assessed to understand the detailed 

characteristics of the tailings to be managed. 

Future research on economic projects based on mine tailings as a resource could also 

include several options for reusing tailings, such as construction material, energy 

production, sequestration of CO2, and processing tailings to obtain valuable elements. For 

the analysis of different options for tailings, ROA can be used to evaluate several options 

simultaneously. Options such as delaying or expanding the reprocessing of tailings can 

be analysed using ROA. 
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ABSTRACT: A methodology was developed to determinate the
location and size of desalination plants, the water distribution
network, and the location and size of energy recovery devices to
provide desalinated water in regions with complex topography. The
novelty of this methodology is that energy recovery devices such as
pumps as turbines are incorporated to produce energy. Another
novelty is the consideration of using multiple pipelines. The
methodology proposed uses a superstructure with a set of
alternatives in which the optimal solution is found. A mathematical
model is generated that corresponds to a mixed integer nonlinear
programming (MINLP) problem, which is linearized to become a
mixed integer linear programming (MILP) problem solved using
the CPLEX solver in GAMS. A case study is presented to
demonstrate the applicability of the methodology to real size
problems.

1. INTRODUCTION

Water and energy are vital elements to the well being of
society. At a basic level, electricity generation requires water,
and water treatment and transport require electricity. World-
wide energy consumption destined for water supply represents
7% of global energy consumption.1 Hamiche et al.2 reviewed
the nexus between water and energy comprehensively and
presented a classification system; their work suggested that this
nexus should be explored widely.
Nowadays, fresh water sources are scarce, and nontraditional

water sources are utilized more every day to fulfill the
increasing demand for both human and industrial consump-
tion. The advance in desalination processes, reduction of
membrane cost, and lower energy consumption have made
seawater a viable source of freshwater.3

Reverse osmosis (RO) is a feasible option to provide water
for isolated and desert areas where there is access to seawater.
RO is the desalination process most utilized worldwide; more
than 50% of desalination plants correspond to RO plants due
to its simplicity and because its energy requirements are minor
when compared to distillation-based thermal processes.4

The transport of desalinated water in areas with complex
topology, e.g., areas with mountains, is a major challenge for
several reasons. On the one hand, the transport costs due to
the elevations are significant, which can be several times the
cost of desalting, and on the other hand, finding only upward
distribution systems is difficult. An example corresponds to the
north of Chile (Antofagasta Region) where there are several
mining plants located at high altitude in a desert area. From
this area, Chile produces more than half of the Chilean copper

production (35% of the world’s copper production) and other
metallic elements like silver, gold, and molybdenum and
nonmetallic minerals like potassium nitrate, lithium carbonate,
and boron. The Antofagasta Region is located in the Atacama
Desert, the driest nonpolar desert of the world, and water is
needed to process these ore resources. Water is a limited
resource due to the overexploitation of groundwater sources.
On the other hand, the Antofagasta Region has a large sea
coast; therefore, seawater has become the main source of fresh
water for the mining industry and urban populations.
The mines are often located far from the coast and, more

importantly, at high altitudes. These changes in elevation are
the result of the presence in the coast of the Coastal Cordillera,
which is a mountain range, and the presence of the Andes
Mountains. Mine elevations vary between 1000 and 4000 m
above sea level. In the region, there are several mining plants
already using desalinated water obtained through RO. Each
mining company has a desalination plant with a water
distribution network (WDN) to provide fresh water for its
processes without any integration between companies. The
need to develop a more efficient desalination and WDN
system, for example, through the integration of several WDNs,
motivates this work.
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There have been several works regarding the design of RO
plants and water supply systems. The methodologies to design
water supplies systems usually result in mixed integer nonlinear
problem (MINLP) models. Amit and Ramachandran5 realized
a review of the current status of optimization models for
designing water distribution networks and presented recom-
mendations for future research; Coehlo and Andrade-Campos1

provided a review about methods to achieve water supply
system efficiency, which also included design optimization.
Khor et al.6 provided state of the art water networks synthesis
focusing on a single site and continuous process problems,
where major modeling and computational challenges were
discussed exploring issues such as nonconvexity and non-
linearity.
El-Halwagi7 introduced the novel notion of synthesizing RO

networks applied to waste reduction. The synthesis was
formulated as MINLP, and the objective of this work was to
minimize the total annualized cost of RO networks. Since then,
considerable research has been made regarding the design of
RO plants and water distribution systems.
Liu et al.8 considered using desalinated water, wastewater,

and reclaimed water to supply water deficient areas using a
mixed integer linear programming (MILP) model taking into
account geographical aspects of the region; however, this work
did not consider using energy production. Ahmetovic ́ and
Grossman9 proposed a general superstructure and a model to
optimize integrated process water networks using MINLP and
NLP models, considering multiple sources of water and
different qualities of water; the methodology was applied in
different case studies. Atilhan et al.10 proposed a novel
approach for the design of desalination and water distribution
networks considering first a source-interception sink repre-
sentation; then, an optimization problem was formulated
resulting in a NLP problem whose objective was to meet the
requirements for the sinks at the minimum cost while satisfying
constraints for the sinks. The methodology was applied to a
case study. Lira-Barragań et al.11 proposed that mathematical
programming models for synthetizing WDN associated with
shale gas production take into account uncertainties, and the
proposed superstructure for water integration allows the
management of fresh water consumption and wastewater
streams. Liang et al.12 proposed a convex model, which
corresponded to a MINLP problem, to obtain the optimal
design of water distribution systems using the Hanoi network,
which is a known problem of the looped water distribution
network as a case study.13 Gonzaĺez-Bravo et al.14 proposed a
multiobjective optimization approach for synthesizing water
distribution networks considering domestic, agricultural, and
industrial users involving dual purpose plants considering
environmental, economic, and social aspects. Gonzaĺez-Bravo
et al.15 presented an approach to design water and energy
distribution networks based on a multistakeholder environ-
ment where a multiobjective model considering economic,
environmental, and social impacts was applied in a stressed
scheme, and the proposed method identified the optimal
solution to minimize the dissatisfaction level of the involved
stakeholders.
The WDN including RO selection in complex topography

has not been studied in depth. Herrera et al.16 developed a
model to design water distribution networks considering RO
plants to supply mining plants located in high areas that are
isolated and arid, up to 4000 m above sea level. They used a
superstructure to design the whole system using a MINLP

model. The methodology was demonstrated with a case study,
and its application was adaptable to similar problems.
However, they did not consider WDN design including sites
with changes in the elevations resulting from the presence of
mountains.
The use of pumps as turbines (PATs) can be an option of

producing energy in the network that can be used to supply
energy for water pumping. Pumps operating as turbines can be
used in water distribution systems to reduce pressure instead of
using pressure reducing valves. Additionally, they can produce
electricity.17

There are some reviews on energy efficiency in water supply
systems that include hydropower generation and PATs
implementation. Vilanova and Balestieri18 presented models
of hydropower recovery in water supply systems that could be
applied in a water distribution network design. Zakkour et al.19

reviewed some emerging technologies and practices for
sustainable water utility. McNabola et al.20 presented a review
of energy use in the water industry and opportunities for
microhydropower (MHP) energy recovery.
Vilanova and Balestieri21 evaluated the possibilities and

benefits of recovering and producing energy in water supply
systems. They illustrate technical, economic, and environ-
mental aspects of hydropower recovery in water supply systems
using a case study. Corcoran et al.22 developed a methodology
to find the optimal location of turbines in a water distribution
network using a MINLP approach and an evolutionary
approach as a comparison. Tricarico et al.17 presented a
methodology to implement PATs combined with pump
scheduling to recover energy and pressure water regime in a
water distribution network, showing clear economic benefits.
De Marchis et al.23 analyzed the application of PATs in a water
distribution network using a hydrodynamic model. The model
was demonstrated to correctly represent the impact of energy
recovery on water supply distribution. Carravetta et al.24

presented the implementation of microhydroelectric plants
which included PATs in urban water networks. The project of
a small hydroelectric plant was performed at the inlet node of a
real network. The case study showed that the installation of
small hydroelectric plants could provide interesting economic
benefits for the manager of pipe networks in urban areas. None
of the works reviewed analyzed the implementation of PATs in
a WDN on a larger scale; furthermore, none considered
producing energy like that in the hydropower industry from
the downfall of water in a WDN that included RO plants and
industrial sites with a large requirement of water.
Parallel pipelines are arranged to divide flow and to keep the

head loss at the same rate, meaning that head loss in all parallel
pipes remains the same.25 The reliability of a water distribution
network can be improved by adding a parallel pipe to an
existing one.26 In actual industrial operations, more than one
pipeline is often utilized to provide higher flows, mainly in
mining operations which require a great amount of water in
their operations, so one pipeline cannot satisfy the water
requirements. Parallel pipes must be included in the WDN
design.
The objective of this work is to provide a methodology to

design the WDN and selection of RO plants to supply
industrial plants with desalinated water. The developed model
for this methodology considers using energy recovery devices
such as pumps as turbines for energy production in the
network in places where there is a considerable difference of
height that allows producing energy like in the hydropower
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industry. Another novelty of the work is to considerer more
than one pipeline in cases where flows are high.
Pumps as turbines are usually used in urban water

distribution networks to reduce pressure, and there are some
applications of energy production. The novelty of this work
relies in proposing the use of energy recovery devices in areas
where they are usually not used, meaning areas that have a
complex topography that are also isolated and suffering from
water scarcity, so the only source of fresh water is desalinated
water.

2. PROBLEM STATEMENT
Industrial sites such as mining plants are water consumers that
are located far away from the coast, in areas with a complex
topography; by complex, this refers to an area with changes in
elevation between the RO plants and water consumers. Water
demand of industrial sites can only be satisfied with desalinated
water from RO plants located along the coast; no other option
was taken into account as the industrial sites are located in
isolated areas, which means that water is a scarce resource. The
methodology used by Herrera et al.16,27 was used as a reference
in this work.
A superstructure was used to represent the WDN, which

included RO plants; pipelines; nodes with pump stations,
pumps as turbines, or just a junction; and industrial sites. Some
nodes of the WDN are located in mountains where there is a
pronounced altitude, so pipelines have to ascend and then
descend, so the downfall of water is used to produce energy
with the passage of water through a pumping station with
pumps as turbines (PATs) like in Figure 1. The possibility of

producing energy with water passing through the downstream
was evaluated and compared to water ascending through the
WDN until reaching industrial sites in the traditional way of
avoiding the descend of water.
Another consideration in the superstructure is to use more

than one pipeline until three pipelines are allowed; the choice
between using one, two, or three pipelines depends mainly on
the requirements of water of each consumer’s site. There is a
maximum velocity allowed in a pipeline, which is used as a
restriction in the model. The diameters of the pipelines are
determined by the model by choosing between a set of discrete
diameters that are commercial sizes.
The objective of the model was to minimize total annual

cost and find the locations and sizes of RO plants, locations
and sizes of pumping stations, locations of PATs, pipe
diameters, operational conditions of pumping stations, and
number of pipelines in the WDN in order to provide
desalinated water to industrial sites.

3. MATHEMATICAL FORMULATION
Four sets were used to represent the superstructure: RO plants
SO = {so| so is an RO plant}; nodes which can be pumping
stations, pumping stations working as turbines, or just a
junction without a pumping stations, so N = {n|, n is a node};
industrial sites or water consumers SI = {si|, si is industrial
site}; and the set of diameters D = {d|, d is a diameter}.
Distances and elevations of each point were designated based
on the topography data obtained using Google Earth, and
distances were defined as Li,j and elevations as ΔZi,j.
Water flow is only in one direction, from RO plants located

along the shore to the user that are industrial sites, which are
usually mining plants. Bidirectional flow makes no sense given
the high costs of transporting water from a low altitude to a
high altitude location. Only feasible connections between
nodes were considered in the WDN.
Known parameters are the water requirements of industrial

sites, according to the needs of its facilities, water capacities of
RO plants, altitude of each node, and distances between each
node.
The model has equations of continuity for RO plants, nodes,

and mining plants; these equations are presented as eqs 1−3

∑* = ∀ ∈
∈

Q Q so SOso
n N

so n,
(1)

∑ ∑= ∀ ∈
∈ ∈

Q Q n N
i input

i n
j output

n j, ,
(2)

∑* = ∀ ∈
∈

Q Q si SIsi
n N

n si,
(3)

where Qi,j is the volumetric flow pumped from i to j;
constraints associated with the maximum production capacity
of RO plants and desalinated water demands of the mining
plants were also included in the model.

3.1. Pipe Diameter. For selecting the pipe diameter from
points i to j, a disjunction expressed using the Convex Hull
method28,29 was used (eq 4).

∨
=
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∈

Ä

Ç
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D D
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d D

i j d

i j d

, ,

, (4)

The friction factor is assumed to be a function of the pipe
diameter and the roughness. The Reynolds number is
considered big enough to not represent a contribution to the
friction factor.30 A set of discrete values were considered to
choose diameter. The values used for the diameter were 0.7,
0.8, 0.9, 1, and 1.1 m.

3.2. Objective Function. The objective function mini-
mizes the total annualized cost of desalination plants, pipes,
pumping stations, and pumps as turbines required to supply
industrial sites located in a geography with complex top-
ography. This function includes four terms that are costs: (1)
cost of producing desalinated water, (2) costs of pumping
stations, (3) costs of pumps as turbines stations, and (4) costs
of pipelines. The fifth term is the valorization of energy
produced by PATs that can be used in the grid.

∑ ∑ ∑ ∑

∑

= + + +

−
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∈

TC C C C C

E

so SO
SO

i j FI J
i j

n N
n

n N
PAT

n N
PATs

, ,
,

(5)

Figure 1. Mountain scheme: Point A represents a node with a pump
station. Point B represents a node that is only a junction between
pipes. Point C represents a PATs station and a traditional pump
station.
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The cost of producing desalinated water was extracted from
the database cost raised by Wittholz et al.31 The function used
included UPC, which is the unit cost of producing desalinated
water.

∨ = × × *

≤ * ≤

∀ ∈
∈

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
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y

C PA UPC Q

Q Q Q

so SO
c C
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so so c so

c
LO

so c
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,

,

(6)

The cost of water transport is represented by a function
proposed by Swamee;25 this function includes two functions:
annualized capital cost of pipelines and operational and capital
cost of pumping stations. So, the function that described the
annualized capital cost of pipelines proposed by Swamee25 is
described below

=
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,
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(7)

where kP is a proportionality constant; Hi,j is the pressure head;
Hb is the length parameter; Li,j is the pipe length; Di,j is the pipe
diameter; and m is the exponent.
The function to estimate pumping station costs is

∑

ρ
η

ρ
η
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+ ×
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j output
n j n j, ,

(8)

where kN is a proportionality constant; sb is the standby
fraction; ρ is the mass density of water; g is the gravitational
acceleration; η is the combined efficiency of pump and prime
mover; FD is the daily averaging factor; FA is the annual
averaging factor; EC is the unit electrical cost ($/kW h); and PL
is the plant life years.
The function includes the pumping head Hn,j, which is

calculated with the Darcy−Weisbach equation, which is

π
= + Δ +H H z

fL Q

gD

8
n j n j

n j n j

n j
, 0 ,

, ,
2

2
,

5
(9)

where Δzn,j is the elevation difference from n to j; H0 is the
terminal head; f is the friction factor; and Ln,j is the length of
the pipe from n to j.
3.3. Pumps as Turbines (PATs) for Energy Production.

For pumps as turbines stations, the net head for producing
energy was also calculated with the Darcy−Weisbach equation
extracted from ref 32. In turbines, the net head is the actual
head used to produce energy. Net head is the gross head which
is the difference in height between two points minus the head
loss. So, in the case of pumps as turbines, the head loss would
have a minus sign in the Darcy−Weisbach equation. The
valorization of the energy produced in a year by PATs is
calculated using the next equation:

∑ ρ η=
i
k
jjjjj

y
{
zzzzzE g Q H t E

USD
yearPATs

n

N

n n C

PATS

(10)

where NPATS is the number of PATs; Qn,k is the hourly flow
through the nth PATs (m3/s); Hn,k is the net head (m) across
the same PATs at the same time; η is the efficiency; t is

operating hours in a year (h); and EC is the electricity cost
($/kW h).33

To obtain the cost of pumps as turbines CPAT, the price of
these devices was estimated using catalogs from the pumps
company’s using the net head and the flow as a reference. Civil
work and maintenance work of PATs was estimated using
values from ref 33.

3.4. Parallel Pipelines. In order to distribute the
desalinated water flow, the superstructure has the option of
choosing up to three parallel pipelines depending on the water
flow. The velocity of water has a maximum value of 1.5 m/s;34

this condition is fulfilled using the next equation

π
≤Q v

D

4n j n j
i j

, ,
,

2

(11)

The diameter of pipelines is the same for all pipelines if
more than one is chosen. So, the next conditions must be
fulfilled

∑= ∀ ∈
=

Q Q n Nn j
p

n j
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,
1

3

,
(12)

= = =H H H Hn j n j n j n j, ,
1

,
2

,
3

(13)

The total water flow is the sum of the water flow of each
pipeline where p is the pipeline, and the head drop is the same
for every pipeline and corresponds to the total head drop.

3.5. Piecewise Linearization. The objective function is
not linear because UPC and Q3 are not linear, Q3 appears when
the Darcy−Weisbach equation is multiplied for the water flow,
soQ2 is multiplied for Q. Since the objective function is not
linear, the model is a MINLP model.
UPC is the amortized capital cost and the operating cost of

obtaining desalinated water and is included in the cost of
producing desalinated water; this cost is a compound of the
next form

= × ×C Q UPC cte2SO SO (14)

where QSO is the desalinated water flow, and cte2 is a constant
which includes desalination plant availability and time and
money conversions to obtain the requirements units.
To obtain the global optimum in short time, UPC and Q3

were linearized using a piecewise methodology extracted from
Lin et al.35 Piecewise methodologies allowed us to convert a
nonlinear programming problem into a linear programming
problem or a mixed-integer convex programming problem for
obtaining an approximated global optimal solution.

4. CASE STUDY
An area of the Antofagasta region was used as a case study; this
area is mainly desert and isolated and features significant
changes in elevation due to the presence of the Coastal
Cordillera that crosses this area. The case study contained four
mining plants that can be supplied water by three potential RO
plants. Between the RO plants and the mining plants, there are
potential pumping stations, and since there are mountains in
the area, PATs were considered in some points. Connections
that were unfeasible were not considered as an option.
Locations of RO plants and industrial sites were determined

on assumptions based on actual places where RO plants and
mining plants could be located. Pipeline lengths were
determined based on real data about the water supplies of
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different mining companies. The area was chosen using Google
Earth; distances between points and elevations were
determined using this software. Figure 2 shows the chosen
area as a case study.
RO plants are located on the coast, so their elevation is zero.

There is a zone where the Coastal Cordillera goes through
about 40 km of extension; this zone is where the use of PATs
was considered and compared to the possibility of avoiding
these mountains and to only go up until reaching the mining
sites. Elevation of pumping stations varied from 0 to 2.860 km
above sea level, and mining plants were located between 3.046
and 3.875 km above sea level. The elevation of each node is
shown in Table 1, and the distance between each node is
shown in Table 2.

5. RESULTS
The model was solved as a MILP problem using the Cplex
solver in a GAMS environment. GAMS stands for General
Algebraic Modeling System; it is a high-level modeling
software for mathematical programming and optimization.

GAMS is designed for modeling linear programming (LP),
mixed integer linear programming (MILP), and mixed integer
nonlinear programming (MINLP) problems.36 The Cplex
solver in GAMS is designed to solve large and difficult
problems quickly and works to solve the majority of linear
problems (LP).37

The global optimum was found in a short time as
linearization allows a model to be obtained that can be solved
quickly using Cplex, which is a desirable attribute for complex
models like this one.

5.1. Global Optimum. The requirements of desalinated
water of the WDN was 3.2 m3/s in total; the requirements for
each mining plant was 0.8 m3/s. These values were similar to
the requirements of the mining plants in the area.

Figure 2. Superstructure. SO are RO plants with a pumping station; n are pumping stations; P are PATs stations, and Si are industrial sites.

Table 1. Height Above Sea Level of Each Node

Nodes
Height above sea level

(km) Nodes
Height above sea level

(km)

SO1-n1 0 n12 2.860
SO2-n2 0 n13 2.720
SO3-n3 0 n14 1.585
n4 2.116 n15 1.755
n5 1.364 n16 2.453
n6 2.231 n17 2.874
n7 2.431 Si1 3.485
n8 1.753 Si2 3.046
n9 1.375 Si3 3.339
n10 1.765 Si4 3.875
n11 1.382

Table 2. Distances between Each Node

Nodes
Distance between nodes

(km) Nodes
Distance between nodes

(km)

n1-n4 40.7 n6-n9 22.5
n1-n5 43.9 n7-n8 59.9
n2-n4 30.7 n7-n10 47.2
n2-n5 75.4 n10-n15 14.3
n2-n7 34.8 n8-n12 45.7
n2-n8 80.7 n8-n13 40.2
n3-n7 63.4 n11-si1 80.7
n3-n8 50.4 n11-si2 55.9
n4-n5 46.1 n12-si3 53.6
n4-n6 22.7 n12-si4 51.5
n5-n14 64.9 n13-si3 62.1
n13-si4 49.6 n15-si2 54.3
n14-si1 55.9 n15-si3 55.0
n14-si2 51.2 n15-si4 76.5
n14-n16 49.1 n16-si3 37.7
n14-n17 67.2 n17-si4 53.7
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The global optimum solution considers using only one RO
plant to supply all mining sites; in n9, there were PATs since
the previous node, n6, is located at a high altitude. In node n9,
a PATs station was followed by a traditional pump station. All
pipelines going between n2 and n11 considered using three
pipelines to fulfill the water requirements of the three industrial
sites (continuous line in Figure 3). Between n2 and n13, there
were two pipes to supply si4. When the requirements of water
of the industrial sites were elevated, parallel pipes that came
from one single RO plant seemed to be a suitable solution to
supply more than one industrial site instead of using different
RO plants with a single or double pipeline to supply each
industrial site, which is the conventional way. The optimal
solution generated 168,593 MW-h/year, which considering
0.12 USD/kW-h represents a saving of 20.231 million USD/

year. Furthermore, considering that energy is produced from
fossil fuels, this energy production can contribute to reducing
greenhouse gas emissions.
A ranking of the first three optimal solutions was made to

compare them economically and operationally (Table 3). The
three first solutions considered using PATs in the same area;
the first two solutions considered only the SO2 RO plant to
supply desalinated water. Instead, the third solution considered
using desalinated water from SO2 and SO3. Additionally, the
WDN of solutions 1 and 2 used seven pumping stations,
whereas the WDN of solution 3 used eight pumping stations.
The differences in costs between these optimal solutions were
less than one million USD/year. More details are present in
Table 3, and solutions 2 and 3 are illustrated in Figures 4 and
5, respectively.

Figure 3. Optimal solution. Solid line represents three parallel pipes, and segmented line represents two parallel pipes.

Table 3. Ranking of Solutions

Solution RO plants No. of pumping stations No. of PATs stations Energy generated by PATs (MW-h/year) Total cost (million USD/year)

1 SO2 7 1 168,593 250.71
2 SO2 7 1 168,593 251.55
3 SO2-SO3 8 1 168,593 251.78

Figure 4. Solution 2. Solid line represents three pipes, and segmented line represents two pipes.
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Figure 5. Solution 3. Solid line represents three pipes, and segmented line represents two pipes.

Figure 6. Solution found when big changes in altitude are avoided. Solid line represents three pipes, and segmented line represents two pipes.

Figure 7. Traditional water supply system for mining plants.
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By way of comparison, a network was designed without
considering the PATs. For this purpose, the pipes in the area
where the PATs could be installed were not considered in the
superstructure. The optimal solution without PATs is shown in
Figure 6, which considered the SO1 RO plant and five
pumping stations. The cost was 258.52 million USD/year; this
is 7.81 million USD/year more expensive than the option with
PATs. This difference was due to a higher cost in the pipes, a
reduction in costs for not considering the equipment for PATs,
and an increase in energy costs.
Another comparison was made to compare the optimal

solution with the water supply strategy currently used by
mining companies, where each company had its own RO plant
and water distribution network. Since there is no energy
production, and mining companies usually avoid putting
pipelines in places with pronounced changes in elevations,
the pipelines were located where there was not a big difference
in altitude. The cost of this system (Figure 7) was 258.56
million USD/year.
The optimal solution was considered going through n6,

which was 2.231 km above sea level; the next pump station
coupled to a PATs station was n9, which was 1.375 km above
sea level, so 0.856 km was the difference in height and 22.47
km the distance between each point. In order to analyze the
effect of height in the optimal solution, several differences of
height between n6 and n9 were used. Results are shown in
Table 4.
The optimal solution generated 168,593 MW-h/year, which

is 20.231 million USD/year that can be utilized in the network.
If the height of the mountains was 200 m less high, the optimal
solution still considered energy generation with an important
amount of energy generated, 127,950 MW-h/year.
With a height of 1.831 km, the optimal solution considered

two RO plants, SO1 and SO3, which were located at the
extremes of the network, instead of choosing SO2 as the
optimal solutions as in the cases of 2.231 and 2.031 km of
height solutions. Energy production was low in comparison
with the solutions obtained when elevations were higher; this is
due to the water flow sent to n6 was 0.2 m3/s, which was very
low in comparison to 2.4 m3/s which is the water flow sent to
n6 where the elevation was 2.231 km. The reason for such low
water flow is that the net head was lower as the gross head,
which is the actual elevation of the mountains, was lower.
Head loss was high due to the distance between each point and
water velocity, so the gross head had to be high to compensate
for the head loss.

6. CONCLUSIONS

A methodology to simultaneously design a WDN to supply
industrial sites located in regions with complex topography,
find the location and sizes of desalination plants, pipelines,
pump stations, and PATs stations, was addressed. A case study
was used to validate the model.

Results showed that using PATs in a region with complex
topography was feasible for producing energy in the WDN by
passing through a region with changes in elevation like the
Coastal Cordillera where big changes in altitude are often
avoided by mining companies.
Linearization of two functions allowed us to find the global

optimum with low computational cost, which is a desired
attribute for complex models.
Using parallel pipes is a feasible option to supply several

industrial sites using water from one RO plant when the
requirements of water are elevated, instead of having a different
RO plant supply every industrial site with its respective
pipeline.
In the future, more elements will be added to the model

such as considering more than one water quality to supply
multiple users and multiple sources of water to broaden the
water offer. Another element that can be included is using
renewable energies like solar energy.
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■ NOMENCLATURE
CSO = Annualized cost of RO plants (million USD/year)
Ci,j = Annualized cost of pipelines (million USD/year)
Cn = Annualized cost of pumping stations (million USD/
year)
CPAT = Annualized cost of PATs stations (million USD/
year)
Di,j = Diameter of pipeline between i and j (m)
EC = Unit electrical cost ($/(kW-h))
EPAT = Valorization of energy generated by PATs in one
year (million USD/year)
f = Friction factor (dimensionless)
FA = Annual average factor (dimensionless)
FD = Daily average factor (dimensionless)
g = Gravitational acceleration (m/s2)
Hi,j = Pressure head (m)
Hb = Length parameter (m)
Hn,j = Pumping head (m)
H0 = Terminal head (m)
Hn,k = Net head (m)

Table 4. Comparison between Different Heights of Nodes

Q
(m3/s)

Height n6
(km)

ΔH n6 and n9
(km) RO plants

No. of pumping
stations

No. of PATs
stations

Total cost
(million USD/year)

Energy generated by PATs
(MW-h/year)

3.2 2.231 0.856 SO2 7 1 250.71 168,593
3.2 2.031 0.656 SO2 7 1 254.67 127,950
3.2 1.831 0.456 SO1-SO3 10 1 257.08 7630
3.2 1.631 0.256 SO1-SO3 10 1 257.95 3931
3.2 1.431 0.056 SO1 5 0 258.52 0
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kN = Proportionality constant for pumping stations
(dimensionless)
kP = Proportionality constant for pipelines (dimensionless)
Li,j = Pipe length (m)
PA = Desalination plant availability (dimensionless)
PL = Desalination plant life (years)
Qi,j = Volumetric flow pumped from i to j (m3/s)
Qi,n = Volumetric flow pumped from i to n (m3/s)
Qn,j = Volumetric flow pumped from n to j (m3/s)
Qn,si = Volumetric flow pumped from n to an industrial site
(m3/s)
Qsi = Volumetric flow required in an industrial site (m3/s)
Qso = Volumetric flow pumped from RO plant (m3/s)
Qso,n = Volumetric flow pumped from a RO plant to n(m3/
s)
Qn,k = Volumetric flow through PATs (m3/h)
sb = Standby fraction (dimensionless)
t = Operating hours in a year (h)
TC = Total annualized cost (million USD/year)
UPC = Unit cost of producing desalinated water (USD)
vn,j = Water velocity (m/s)
yi,j,d = Disjunction to choose diameter
ρ = Water density (kg/m3)
Δzn,j = Elevation difference from n to j (m)
η = Combined efficiency of pump and prime mover
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a b s t r a c t

The mining industry produces large volumes of mine tailings e a mix of crushed rocks and process ef-
fluents from the processing of mineral ores. Mine tailings are a major environmental issue due to im-
plications related to their handling and storage. Depending on the mined ore and the process used, it
may be possible to recover valuable elements from mine tailings, among them critical raw materials
(CRMs) like rare earths, vanadium, and antimony.

The aim of this study was to investigate the techno-economic feasibility of producing critical raw
materials from mine tailings. Data from 477 Chilean tailings facilities were analyzed and used in the
techno-economic assessment of the valorization of mine tailings in the form of CRMs recovery. A review
of applicable technologies was performed to identify suitable technologies for mine tailings processing.
To assess the economic feasibility of CRMs production, net present value (NPV) was calculated using the
discounted cash flow (DCF) method. Sensitivity analysis and design of experiments were performed to
analyze the influence of independent variables on NPV. Two options were assessed, rare earth oxides
(REOs) production and vanadium pentoxide (V2O5) production. The results show that it is possible to
produce V2O5 with an NPV of 76 million US$. In the case of REOs, NPV is positive but rather low, which
indicates that the investment is risky. Sensitivity analysis and the ANOVA run using the design of ex-
periments indicated that the NPV of REOs is highly sensitive to the price of REOs and to the discount rate.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Mine tailings are waste from the processing of mineral ores.
They are a mixture of ground rocks and process effluents generated
during processing of the ores, and their composition depends on
the nature of the mined rock and the recovery process used. In
copper mining, tailings can account for 95e99% of crushed and
ground ores (Edraki et al., 2014). Worldwide, mine tailings are
produced at a rate of anywhere from five to fourteen billion tons
per year (Adiansyah et al., 2015; Edraki et al., 2014; Schoenberger,
2016).

In view of the volumes of mine waste produced and the nature
of the chemicals involved, the storage and handling of mine tailings
is a significant environmental problem. Mine tailings are a source of

serious contamination of soils and groundwater with nearby
communities particularly badly affected by the results of eolian and
water erosion of tailing disposal sites (Mendez and Maier, 2008).
Another cause of environmental pollution frommine tailings is acid
mine drainage (AMD) (Larsson et al., 2018; Moodley et al., 2017).
AMD is formed from the exposure of sulfide ores and minerals to
water and oxygen, once the ore is exposed, sulfate and heavy
metals are released into the water (Moodley et al., 2017). AMD is
considered one of the most significant forms of water pollution and
the USA Environmental Protection Agency (US-EPA) considers it to
be the second only to global warming and ozone depletion in terms
of ecological risk (Moodley et al., 2017).

Tailing storage facilities (TSF), also called tailing deposits, are the
source of most mining-related disasters (Schoenberger, 2016). Ap-
proaches to the handling and storage of mine tailings include
riverine disposal, wetland retention, backfilling, dry stacking and
storage behind damned impoundments (Kossoff et al., 2014). Mine
tailings dam failures can have catastrophic consequences. 237 cases
of significant tailings accidents were reported for the period 1971 to
2009 (Adiansyah et al., 2015). More recently, in January 2019, an
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accident at the C�orrego do Feij~ao mine in Brumadinho in the
metropolitan region of Belo Horizonte in southeastern Brazil killed
at least 65 people with about 280 people were missing (De S�a,
2019).

To achieve a circular economy model, the valorization of mine
tailings is crucial for the mining industry, which needs to improve
its processes to minimize its environmental impact and close the
loops (Kinnunen and Kaksonen, 2019). Different approaches to
tailings valorization can be taken, such as reprocessing to extract
metals and minerals, tailings as backfill material, tailings as con-
struction material, energy recovery and carbon dioxide sequestra-
tion (Lottermoser, 2011).

Challenges that the mining industry needs to face to achieve the
valorization of tailings aligned with circular economy principles
include improving the rather limited knowledge about mineralogy,
impurities concentration, and the quantity of tailings; developing
new business models that take account of price development,
lower disposal costs, and market demand; providing institutional
impulse indispensable to encourage the transformation from a
linear to a circular economy; technology development to make
processes economically feasible since most mine tailings have low
grades of different elements mixed with residues of previous pro-
cesses (Kinnunen and Kaksonen, 2019; Lottermoser, 2011).

Due to the geological heterogeneity of the rocks mined and the
continuous flow processes used in mineral processing, tailings
deposits contain large quantities of valuable elements whose re-
covery could bring potential economic benefits. A number of
studies have investigated the recovery of valuable elements from
mine tailings (Ahmadi et al., 2015; Alcalde et al., 2018; Andersson
et al., 2018; Ceniceros-G�omez et al., 2018; Falag�an et al., 2017;
Figueiredo et al., 2018; Khalil et al., 2019; Khorasanipour, 2015;
Mohamed et al., 2017; Sracek et al., 2010).

As shown by recent studies (Ceniceros-G�omez et al., 2018;
Markovaara-Koivisto et al., 2018; Moran-Palacios et al., 2019; Tunsu
et al., 2019), among elements contained in mine tailings, there are
many critical raw materials (CRMs). Raw materials have significant
economic importance and are utilized in the manufacture of a wide
range of goods. In particular, critical rawmaterials can be applied in
areas such as alternative energy production and communications
devices, and they play a significant role in the development of
globally competitive and eco-friendly innovations. Securing access
to a stable supply of many raw materials has become a major
challenge for national and regional economies with a limited pro-
duction, which relies on imports of numerous minerals and metals
(European Commission, 2017a).

Many studies have examined the criticality of raw materials.
This study utilizes the list compiled by the European Commission
(EC), where raw materials are considered critical when they are
both of high economic importance for the European Union (EU) and
vulnerable to supply disruptions (European Commission, 2017b).
The term “vulnerable to supply disruption”means that their supply
is associated with a high risk of not meeting the demand of the EU
industry. High economic importancemeans that the rawmaterial is
of fundamental importance to industry sectors that create added
value and jobs, which may be lost in the case of inadequate supply
and if adequate substitutes cannot be found (Blengini et al., 2017).
The most critical metals are those for which supply constraints
result from the fact that they are largely or entirely mined as by-
products, generate environmental impacts during production,
have no effective substitutes, and are mined in areas prone to
geopolitical conflict (Graedel et al., 2015).

In 2011, the European Commission (EC) published a list of 14 raw
materials that are critical for emerging technologies of European
industries, so-called critical raw materials (CRMs) (European
Commission, 2017a, 2014, 2011). The list has been updated twice

since 2011, the last update was in 2017, and it currently contains
twenty-seven CRMs including 3 element groups: light rare earth
elements (LREEs), heavy rare earth elements (HREES) and platinum
group elements.

According to the International Union for Pure and Applied
Chemistry (IUPAC), rare earth elements (REEs) are a group of 17
elements that includes lanthanides, composed of 15 elements, and
yttrium and scandium, which are included in this group due to the
similarity in chemical characteristics. REEs can be found in over 250
different minerals (Jordens et al., 2013; Sadri et al., 2017). REEs have
an important role in the transition to green technologies because of
their use in crucial components such as permanent magnets and
rechargeable batteries, and their use as catalysts (Binnemans et al.,
2013a). China is responsible for almost 80% of the global supply of
REEs, such monopoly has raised concerns about a possible shortage
of supply, (Hornby and Sanderson, 2019; Vekasi and Hunnewell,
2019).

Other elements on the list of CRMs are platinum group elements
(PGEs), which include ruthenium (Ru), rhodium (Rh), palladium
(Pd), osmium (Os), iridium (Ir) and platinum (Pt). These metals are
very rare in the Earth’s continental crust, ranging from 0.022 ppb
for iridium to 0.52 to Pd (Mudd et al., 2018).

Nowadays, due to the increasing demand for CRMs, new sources
are being sought, and secondary sources such as metal scrap and
industrial waste are attracting more attention. The use of the
hitherto unexploited secondary sources can reduce demand for
virgin materials and, in consequence, contribute to a decrease in
mining production. One of the core principles of the circular
economy is the reduction and minimization of resource use, and
ways to achieve that goal include recycling and reuse of wastes
(Kirchherr et al., 2017). Mine tailings from mineral processing of a
certain branch of the metal industry could be used as a source in a
process designed to obtain one or more critical raw materials, a
simplified flowsheet of this idea is shown in Fig. 1.

Chile has a long history of mining and large-scale mining started
in the first decade of the twentieth century. In 2016, Chileanmining
exports were valued at 30,379 million USD according to the Na-
tional Service of Geology and Mining (SERNAGEOMIN), 90% of
which came from copper mining (SERNAGEOMIN, 2017). Chile is
the world’s leading producer of copper. Currently, a decrease in the
grade of mined copper ores is being observed, which increases the
amount of processed ore and, consequently, leads to greater tailings
deposits for the same level of copper production. Currently, Chile
produces 1,400,000 tons of mine tailings daily and there are 696
tailings storage facilities (TSF) (SERNAGEOMIN, 2018).

The objective of this study is to conduct a technical and eco-
nomic assessment of the valorization of mine tailings of Chile as a
source of CRMs. Therefore, the research questions addressed in this
paper are:

What critical materials can be recovered from mine tailings?
What are the challenges in the production of critical materials

using mine tailings as a source?
In recent years, the use of secondary sources for obtaining raw

materials has gained growing importance. This research supple-
ments these works with a techno-economic feasibility study for
producing critical raw materials from mine tailings.

The data used in the study refer to mine tailings samples of 477
Chilean copper mining industrial deposits. These data have not
been previously used to assess the economic potential of the re-
covery of critical materials.

2. Methodology

The first step to evaluate the recovery of CRMs from mine tail-
ings is the calculation of the amount of each CRM present in
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tailings. The feasibility of recovery is next assessed for critical
materials found in larger quantities.

In the technological assessment, technologies for processing
mine tailings are first examined. If no technologies are available,
technologies for processing ore, as an analogous process, are
considered taking into account differences between the processing
of ore and processing of waste.

In the economic assessment, the discounted cash flow (DCF)
method is used to assess the feasibility of the options for the re-
covery CRMs frommine tailings. This method has beenwidely used
for valuation projects (De Reyck et al., 2008; Kodukula and
Papudesu, 2006; �Zi�zlavský, 2014). DCF is a commonly adopted
economic valuation technique and consists of discounting expected
cash flow of a future project at a given discount rate and then
summing all the cash flows of a determined period of time (Ib�a~nez-
For�es et al., 2014; �Zi�zlavský, 2014).

Sensitivity analysis is performed to assess the impact of various
parameters on the NPV of CRMs recovery from mining tailings.
Sensitivity analysis is a tool used to analyze how different values of
a set of independent variables affect a dependent variable. The sale
price of critical materials, operating costs, capital costs, and dis-
count rate are the main inputs in the DCF method, then these
variables are studied in the sensitivity analysis. These variables and
interactions among them were also tested using a design of ex-
periments with response surface methodology.

3. Mine tailings assessment

Mining is one of the main economic activities in Chile due to the
country’s favorable geochemical and mineralogical characteristics.
Chile is the world’s leading producer of copper, producing 5,552.6
thousand tons of copper in 2016 (SERNAGEOMIN, 2017), theworld’s
second supplier of molybdenum, producing 62,746.1 tons in 2017,
and the second producer of lithium, producing 77,284 tons of
lithium carbonate in 2017 (SERNAGEOMIN, 2017). For some regions
in Chile, mining is the main economic activity; most mining activity
is found in the Atacama Desert in northern Chile.

The Atacama Desert is the driest non-polar desert on the earth,
and its copper ore deposits are world-class porphyry copper de-
posits (Oyarzún et al., 2016; Tapia et al., 2018). Porphyry deposits
are the principal sources of copper and molybdenum
(Khorasanipour and Jafari, 2017). Porphyry deposits consist of
distributed and stockwork sulfide mineralization located in various
host rocks that have been altered by hydrothermal solutions into
roughly concentric zonal patterns (Dold and Fontbot�e, 2001).

Chilean mining processing plants produce large quantities of
waste every year. Tailings dams are the most common type of

tailing deposit in the country (Ghorbani and Kuan, 2017). Previ-
ously, prior to the adoption of appropriate regulations, tailings were
abandoned in deposits and no efforts were made to ensure the
safety of the nearby communities but nowadays the handling and
storage of tailings are strictly regulated. In 2011, the Law 22.551was
promulgated. It regulates the closing of mining facilities and
specifies that tailings must be physically and chemically stabilized
(Ministerio de Minería, 2011; SERNAGEOMIN, 2011).

In Chile, there are 696 mine tailings deposits registered in a
national registry, compiled between 2016 and 2018. The registry is
expected to be updated as new mine tailings facilities are opened
and old abandoned tailing deposits are discovered. Antofagasta
Region hosts larger mine tailings deposits (SERNAGEOMIN, 2018)
because of the size of the mining sector in this region, which ac-
counts for 47% of the contribution to Chilean mining activity. The
most serious problems associated with tailings and handling and
storage of tailings are related to the seismic nature of the country,
and risks associated with tailings dam failure include fatalities,
serious water contamination, and destruction of the land.

3.1. Characterization of mine tailings

The chemical composition of tailings in 477 mine tailings de-
posits is available on the website of the National Service of Geology
and Mining of Chile (SERNAGEOMIN) (SERNAGEOMIN, 2018). This
database contains values for concentrations of 56 elements,
including 22 CRMs featuring on the latest EC list. The CRMs
analyzed in the SERNAGEOMIN database are vanadium, cobalt,
yttrium, niobium, scandium, hafnium, tantalum, antimony, bis-
muth, tungsten, lanthanum, cerium, praseodymium, neodymium,
samarium, europium, gadolinium, terbium, dysprosium, holmium,
erbium, thulium, ytterbium and lutetium (SERNAGEOMIN, 2018).

Chemical composition in each mine tailings deposit is different
and it depends on the type of mineral rocks mined and the pro-
cesses used in the plant. In the geochemical characterization of
Chilean tailings, it can be noticed that most tailings deposits have a
high percentage of silicon oxide or ferric oxide due to the type of
minerals processed (SERNAGEOMIN, 2018).

Data in the SERNAGEOMIN database are classified by the current
status of the tailings deposits: active, inactive, and abandoned. In the
methodology used in this study, only inactive and abandoned tailings
were analyzed, because their volume and chemical composition do
not change over time. In the case of active tailings, although their
volume is greatest, their chemical composition may change over the
course of years, which is why they have not been considered in this
study. Mine tailings of the Antofagasta Region are examined because
the tailing volume storage is greater in this region than in other

Fig. 1. Simplified mining processes flowsheet featuring conventional processes to obtain metal and the re-processing of tailings to obtain CRMs.
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regions. The TSFs analyzed cover 16 inactive deposits. The location of
mine tailings of the Antofagasta Region can be seen in Fig. 2.

CRMs found in larger quantities are given in Table 1. The sum of
REEs was also calculated, to produce REE concentrate or mis-
chmetal, which is an alloy of REEs. The sum of REEs does not
consider scandium because it is separated in a different process.

3.2. Technology assessment

A literature review was conducted to investigate the available
technologies for the recovery of critical raw materials from mine
tailings. If no technologies are available for tailings processing, then
those used for processing of primary ores are considered as a
reference. It is important to notice that mine tailings are already in
the form of slurry or paste, depending on the percentage of water
present, so there are no mining costs, which represent approxi-
mately 43% of operating cost in a mine (Curry et al., 2014).

Existing technologies for CRMs production are briefly described
in Table 2. Most of these technologies are for primary ores. Some
applications for secondary sources such as industrial waste and
mine tailings exist (Abisheva et al., 2017; Binnemans et al., 2015;
Figueiredo et al., 2018; Innocenzi et al., 2014; Jorjani and Shahbazi,
2016; Peelman et al., 2016), but they should be treated as emerging
technologies. Significant further development of these new tech-
nologies is required before they are suitable for industrial-scale
usage (Kinnunen and Kaksonen, 2019).

In spite of the low concentration of REEs in comparison to end-
of-life consumer goods, mine tailings are a potential source of REEs
because of the large volumes of mine tailings, which mean that the
total amount of recoverable REEs could be high (Binnemans et al.,
2015). Several processes have been proposed for the recovery of
REEs from mine tailings. Peelman et al. (2018) have proposed a
method for the recovery of REEs from mine tailings from apatite
mineral with an REE content of 1200e1500 ppm using acidic
leaching followed by cryogenic crystallization and solvent extrac-
tion. They achieved a 70e100% recovery of REE.

There are no processing plants using copper mine tailings as a
source of CRMs. Therefore, technologies used for primary sources

are assumed to be also applicable to the processing of mine tailings.
Based on the content of the mine tailings analyzed, two feasibility
studies are conducted; the first for producing rare earth oxides and
the second for vanadium recovery, using mine tailings as a source.

The extraction process for REEs, in a general form, includes three
steps: mining and comminution; ore beneficiation processes con-
sisting of flotation, gravity and magnetic techniques to generate
REE concentrate; and hydrometallurgical methods to extract REE
compounds (Sadri et al., 2017). Hydrometallurgical methods
include cracking of REE concentrate; leaching, neutralization and
precipitation processes; and separation and purification techniques
such as solvent extraction. Solvent extraction allows recovering
REEs with a high degree of purity, moreover, a variety of solvent
extraction reagents is available. For secondary waste, selective
extraction of REEs is required from solutions with a high content of
other species (Tunsu et al., 2019).

A life cycle inventory and impact assessment of the production
of RE oxides from primary bastnasite and monazite has been pre-
sented for the Bayan Obo mine in Inner Mongolia, China, in (Koltun
and Tharumarajah, 2014). The study found out the mining and
beneficiation stage accounts for 6.98% of energy consumption and
6.51% of water consumption. When processing mine tailings, there
is no mining stage, so the values were adapted. Adapted values of
energy and water consumption to obtain RE oxides from waste
material are included in the supplementary material.

Primary ores of REEs are usually treated with alkaline pressure
leaching or sulfuric acid roasting. However, mine tailings are a low-
grade source of REEs, so these technologiesmaynot be economically
feasible. Chloride-based hydrometallurgical processes may be a
potential alternative to traditional capital intensive hydrometallur-
gical processes based on high temperature and pressure (Onyedika
et al., 2012) and they could be a suitable option for REE recovery
from tailings at economically viable capital and operating cost.

In the case of vanadium, it is mainly produced as a co-product
from the vanadium slag before the steel converter. The main va-
nadium products are vanadium pentoxide (V2O5) and ferrovana-
dium (FeV) (European Commission, 2017b). Other sources of
vanadium are stone coal, steel scrap, and fossil fuels.

The mine tailings analyzed in this study have a CRMs content
that varies between 80 and 214,000 g per ton of tailing. In Chile,
there are currently no projects providing for the use ofmine tailings
as a source of CRMs, nor approved initiatives for the production of
CRMs from primary ores.

3.3. Economic assessment

The economic assessment is done in two main steps. The first
step focuses on the economic potential of CRMs found in inactive
mine tailings as an in-situ value, considering the monetary value of
the CRMs to assess the feasibility of CRMs production. The second
stage concentrates on the analysis of the feasibility of CRMs pro-
duction using mine tailings as a source.

Prices of critical materials may differ fromone source to another.
In addition, the prices of some critical materials are not publicly
available as they are traded privately. To calculate the economic
potential of inactive mine tailings deposits, the following prices
were used, see Table 3.

The economic potential of CRMs recovery was calculated as the
fraction of each CRM in the tailings multiplied by the mass of each
TSF for the 16 TSFs studied. The economic potential is a reference
value for the total REE value of the mine tailings. The economic
potential of these TSFs is shown as supplementary material.

To assess the feasibility of CRMs recovery, the DFC method was
used to calculate the NPV and IRR for REOs production and V2O5
productionusingmine tailings. TheNPV is thedifferencebetween the

Fig. 2. Tailings storage facilities in Antofagasta Region, blue represents inactive or
abandoned deposits and red is for active deposits. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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presentvalueof cash inflowsand thepresentvalueof cashoutflows in
aparticularperiodof time. IRR is thediscount rate atwhich theNPVof
future cash flows is equal to the initial investment. NPV and IRR are
metrics used in capital budgeting and decision-making. The calcula-
tion does not include external factors such as inflation. To obtain the
NPVand IRR for theoptionsassessed, capital costs andoperating costs
of projects with similar characteristics were used.

Capital costs, also referred to as capital expenses or CAPEX,

represent the investment made for the project, which includes
costs of the development phase which, among other costs, com-
prises the purchase of the equipment, building a manufacturing
plant and the cost of product launch. The investment represents the
first cash flow in the DFC method.

Operating costs, operating expenses or OPEX, are expenses
incurred during the lifetime of the project. In the case of a mining
project, these would include the cost of labor, water, and energy,

Table 1
Total tonnage and uses of CRMs present in inactive tailings deposits of the Antofagasta Region (16 deposits).

CRMs Tons Uses

Vanadium (V) 46,110 Most of the vanadium produced is used in ferrovanadium or as a steel additive. Another use is as vanadium pentoxide.
Cerium (Ce) 22,886 Cerium is used as a catalyst converter for carbon monoxide emissions, as an additive in glass for reducing UV transmission, and in carbon-arc

lighting.
Cobalt (Co) 16,940 The main uses of cobalt are in battery chemicals for NieCd, Ni-metal hydride and Li-ion battery types, superalloys, hard materials, catalysts, and

magnets.
Yttrium (Y) 16,039 Yttrium is used for energy-efficient fluorescent lamps, in the treatment of various cancers, in aerospace surface and barriers, as a superconductor,

in aluminum and magnesium alloys, and in-camera lenses.
Neodymium

(Nd)
14,880 Neodymium is used to create high-strength magnets for computers, cell phones, medical equipment, electric cars, wind turbines, and audio

systems. It is also used in the glass and ceramic industries.
Lanthanum (La) 10,253 Lanthanum is used in nickel metal hydride rechargeable batteries for hybrid automobiles, in high-quality camera and telescope lenses, and in

petroleum cracking catalysts in oil refineries.
Scandium (Sc) 9,359 Scandium is used to increase strength and corrosion resistance in aluminum alloys, in high-intensity discharge lamps, and in fuel cells to increase

efficiency at lower temperatures.
Niobium (Nb) 4,823 Niobium is used in high strength low alloy (HSLA) steels as ferroniobium and in superconducting magnets.
Antimony (Sb) 3,751 Principal uses for antimony are in alloys with lead and tin, and in lead-acid batteries.
Samarium (Sm) 3,456 The main use of samarium is in cobalt-samarium alloy magnets for small motors, quartz watches, and camera shutters. Samarium is also used in

lasers.
Gadolinium

(Gd)
3,357 Gadolinium is mainly used for NdFeB permanent magnets, lightning applications and in metallurgy.

Praseodymium
(Pr)

3,245 Praseodymium is used in NdFeB magnets, ceramics, batteries, catalysts, glass polishing and fiber amplifiers.

Dysprosium
(Dy)

2,705 Dysprosium is used mainly and almost inclusively in NdFeB magnets.

REEs (total) 82,254

Table 2
Available and emerging technologies for CRMs processing.

CRMs Production process

Rare earth
elements

- Acidic leaching-cryogenic crystallization-solvent extraction from mine tailings with apatite and monazite. (Peelman et al., 2016).
- Bioleaching for REEs extraction from low-grade sources. (Peelman et al., 2014).
- Solvent extraction to recover REEs from mine tailings of gold and tellurium mining (Tunsu et al., 2019).
-Use of solvent impregnated resins (SIR) to recover REEs from low concentration solutions (Onishi et al., 2010; Sun et al., 2009; Yoon et al., 2016)

Antimony - Crushing and pyrometallurgical methods for primary ores (Anderson, 2012).
-Crushing and hydrometallurgical methods like leaching and electrodeposition (Anderson, 2012)

Cobalt - Bioleaching of sulfidic tailings of iron mines. (Ahmadi et al., 2015).
- Mineral beneficiation, comminution, flotation, smelting, leaching or refining for sulfide ores (European Commission, 2017b).
-Calcination, pyrometallurgical process, hydrometallurgical methods for lanthanides ores (European Commission, 2017b)

Niobium -Gravity separation, froth flotation, magnetic and electrostatic separation, and acid leaching depending on the ore (European Commission, 2017b)
Vanadium - Extraction of vanadium as a co-product to iron from vanadium slag includes bearing, roasting, acid leaching solvent extraction, ion exchange, and

precipitation (Xiang et al., 2018).
- Desliming-flotation from low-grade stone coal (European Commission, 2017b).
-Preform reduction process (PRP) based on a metallothermic reduction of vanadium pentoxide (V2O5). (Miyauchi and Okabe, 2010).

Table 3
CRMs prices in July 2018.

Critical material Price ($US/kg)a Critical material Price (US$/kg)a

Antimony 8.51 Neodymium metal � 99.5% 68.0
Cerium metal � 99.5% 7.00 Neodymium oxide � 99.5% 66.7
Cerium oxide � 99.5% 5.59 Praseodymium metal � 99% 125.00
Cobalt 87.5 Praseodymium oxide � 99.5% 81.6
Dysprosium metal � 99% 268.57 Samarium metal � 99.9% 15
Dysprosium oxide � 99.5% 226.80 Scandium metal � 99.9% 3,458
Gadolinium metal � 99.9% 44.00 Scandium oxide � 99.95% 1,079
Gadolinium oxide � 99.5% 20.94 Vanadium (as V2O5 80%) 40.00
Lanthanum metal � 99% 7.00 Yttrium metal � 99.9% 36.5
Lanthanum oxide � 99.5% 7.80 Yttrium oxide � 99.99% 4.60

a Sources: (Mineralprices.com, 2018), (Thenorthernminer.com, 2018), (LME, 2018).
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maintenance, spare parts, and indirect costs (Bhojwani et al., 2019).
The first option assessed is the production, using mine tailings

as a source, of the following rare earth oxides (REOs): cerium,
lanthanum, neodymium, yttrium, samarium, gadolinium, praseo-
dymium and dysprosium. Scandium is also considered as REE but it
has different properties and a different production process, which
is why it was not assessed togetherwith the abovementioned REEs.

The second option assessed is vanadium as the production of
vanadium pentoxide (V2O5). It is due to the fact that vanadium is
the main CRM found TSFs in the Antofagasta Region (see Table 1).

3.3.1. Feasibility of producing rare earth elements using mine
tailings as a source

For REOs production, we have considered only REEs found in
larger quantities. Due to the lack of data about similar projects that
use mine tailings or industrial waste as source material, we used
data from a Canadian project that produces rare earth oxides
(Hudson Resources Inc, 2013) from primary sources to produce of
neodymium, praseodymium, lanthanum, and cerium. Data used for
NVP calculation are shown in Table 4.

The price used to calculate NPV corresponds to the weighted
average for REOs; cerium, lanthanum, samarium, gadolinium,
praseodymium, dysprosium, and yttrium oxide, which is 37 USD/kg
of REOs produced, 40% was discounted to reflect the difference
between REO concentrate and separated individual rare earth oxide
prices, so the price used for NPV calculations is 22 USD/kg, as in the
report it was used as a reference price. The grade of REEs corre-
sponds to the average REEs grade in all the deposits analyzed. In the
mine tailings covered by the analysis, the average grade is lower
than in most primary ore processing projects, so the production
was reduced accordingly.

It is important to note that operating costs and capital costs are
referential values. In the case of mine tailings, costs related to
extracting mineral ores should not be considered since tailings are
materials that have already been mined and processed.

The NPV is 672,987 USD which means that the projected earn-
ings generated for this proposed REOs production exceed the
anticipated costs and the overall value for the project is positive.
However, even though the NPV is positive, its value is too low to
invest in a project of such a magnitude. The IRR is 10.03% which is
almost the same as the discount rate chosen for the project, this
confirms that the project is not highly profitable. Cash inflows and
outflows are included as supplementary material.

3.3.2. Feasibility of producing vanadium using mine tailings as a
source

Vanadium is the main CRM found in mine tailings in the Anto-
fagasta Region. There are 46,110 tons of vanadium in inactive TSFs,
but active tailings in this area have the potential for ca. 900, 000
tons of vanadium.

Capital and operating costs for vanadium production are taken
from a preliminary economic assessment study for the Gibellini

vanadium project (Lee, 2018). This project has been designed as an
open pit heap leaching operation to obtain vanadium pentoxide
(V2O5). The Gibellini project is designed for processing of low-grade
minerals, so it is suitable for mine tailings, but in this study, pro-
duction is reduced because the grade in mine tailings is lower in
mine tailings. The values used for the calculation of NPV and IRR are
given in Table 5. The values of NPV and IRR for vanadium produc-
tion from Chilean mine tailings are shown in the supplementary
material.

The NPV is 76 million US$ and the IRR is 21%, these values
indicate that the project is profitable as the NPV is positive and the
IRR is higher than the discount rate. Cash inflows and outflows are
shown as supplementary material.

3.4. Sensitivity analysis

In this study, a sensitivity analysis was performed on four pa-
rameters: capital cost, operating cost, critical materials price, and
the effect of the discount rate on NPV for the examined options. The
objective of the sensitivity analysis is to understand the uncertainty
in the NPV for the examined parameters. These parameters were
chosen because they are the key components in the DCF method.

Sensitivity analysis determines how different values of one or
more independent variables affect a dependent variable under a
given set of assumptions. Sensitivity analysis is the last stage of the
process of assessing and selecting a technological alternative
(Ib�a~nez-For�es et al., 2014). Sensitivity analysis studies how several
sources of uncertainty contribute to the entire uncertainty of a
mathematical model.

In the DCF method, the discount rate is the rate used to convert
the future value of a project cash flows to today’s value. The dis-
count rate is adjusted to the risk associated with a project. There-
fore, the higher the risk, the higher the discount rate (Kodukula and
Papudesu, 2006). Risk is associated with the uncertainty of a
project. In business, risks may have a positive or negative effect. The
discount rate was varied to acknowledge that mining projects deal
with uncertainties that can be included in the model by choosing a
higher discount rate.

Mining commodity prices always show greater volatility than
those of any other primary products (Foo et al., 2018). Prices of
critical materials may experience price spikes due to their insta-
bility caused by the risk of supply disruption. Critical materials have
inelasticity element in their prices, this means that the demand for
these materials is not highly affected by the price (Binnemans et al.,
2013b; Leader et al., 2019). Critical materials are needed in tech-
nologies, such as clean energy technologies, in which there are not
substitutes for the critical materials needed (Leader et al., 2019).

The price of each critical material assessed was considered as an
important parameter that contributes to the overall uncertainty of
the project.

Since capital costs and operating costs used in this study are
referential values, and they are further used as inputs in the DCF

Table 4
Data for REOs project.

Data Value Unit

Capital cost 342,514,448 US$
Life of mine 20 years
Operating cost 13,080 US$/ton REOs
REOs Price 22,000 US$/ton REOs
Production capacity 4,000 tons REOs/year
Annual increase (OPEX) 1.5 %
Annual increase (PRICE) 1.5 %
Discount rate 10 %

Table 5
Data for vanadium project.

Data Value Unit

Capital cost including 25% contingency 116,760,000 US$
Life of mine 14 years
Operating cost 14,767 US$/ton V2O5

Vanadium pentoxide price 40,000 US$/ton V2O5

Production capacity 1,000 tons V2O5/year
Annual increase (OPEX) 1.5 %
Annual increase (PRICE) 1.5 %
Discount rate 10 %
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method, it was necessary to address the variability of the real values
of these parameters vis-a-vis the values used here.

Capital cost, operating costs, and prices varied between�30 and
30% of the original value. The discount rate varied between 0.05 and
0.3.

The results of the sensitivity analysis for the REOs price are
shown in Fig. 3. It can be seen that for every 5% increase in the price
of the REOs, the NPV increases by 38 million US$. NPV is highly
sensitive to changes in REO prices. NPV becomes negativewhen the
price of REOs is below 22 US$/kg, making the project financially
unviable.

The NPV is less sensitive to changes in operating costs than
price; NPV decreases to 21 million US$ with an increase of 5% in
operating costs. The results of the sensitivity analysis of the NPV to
the capital cost show that as the investment cost increases by 5%,
the NPV decreases by ca. 15 million US$.

The discount rate varied between 0.05 and 0.3. The NPV is not a
linear function of the discount rate, the value considered was 0.1.
When the discount rate is 0.11, NPV decreases by approximately 21
million US$. With a discount rate higher than 0.1, NPV becomes
negative, making the project unviable.

Results of sensitivity analysis of NPV for vanadium pentoxide
production are shown in Fig. 3. When the price increases by 5%,
NPV increased by ca. 14 million US$. When the price drops by 26%,
NPV becomes negative and the project unviable.

Results of the sensitivity analysis of NPV to operating costs show
that NPV is slightly sensitive to changes in operating costs. When
operating costs increase by 5%, the NPV decreases by ca. 5 million
US$. Sensitivity analysis of the NPV to changes in capital cost shows
that with an increase of 5% in the capital cost, the NPV decreases by
ca. 5 million US$. The values of NPV are very similar for both
operating costs and capital costs.

The sensitivity analysis of NPV to changes in the discount rate

shows that if the discount rate increases by 0.01 from the value of
0.1 used to 0.11, the NPV decreases by 10million US$ approximately.
When the discount rate is higher than 0.21, NPV becomes negative.

Results show that under certain prices, operating costs and
capital costs, it is possible to invest in producing CRMs using a
secondary source such as mine tailings.

The parameters analyzed in the sensitivity study may change
simultaneously. Therefore, their interactions were analyzed using
design-of-experiments together with response surface methodol-
ogy. In the analysis of the NPV of both projects, REOs production
and V2O5 production, four factors and three levels were considered.
The factors are: the price, capital costs (CAPEX), operating costs
(OPEX), and the discount rate (iÞ. The levels correspond to the value
used in the economic assessment, then low and high levels for the
same value were multiplied by 0.85 and 1.15, respectively, which
means the experimental design results are valid in the range
between�15% andþ15%. A percentage of 15%was chosen to ensure
a good adjustment. The values tested for the discount rate are 0.05,
0.1, and 0.15. ANOVA results show which parameters and in-
teractions influence the NPV by analyzing the p-value. For the p-
value < 0.01 all linear parameters and the interaction with the
discount rate were significant. Also, the statistical analysis confirms
that price and the discount rate are the parameters exerting greater
influence. Regression models obtained have the following form:

NPV ¼ aþ b CAPEX þ c OPEX þ d priceþ e iþ f i2 þ g CAPEX i

þ h OPEX iþ j price i

The values for a; b; c; d; e; f ; g; h and j are �17.6, �0.9103,
�59.55, 67.1, �1766, 14323, 0.0, 242.9, and �299.5 for REOs project,
and 47.64, �0.9932, �12.572, 12.572, �1143.3, 5717, 0.828,
49.63, �49.625 for V2O5 project, respectively. The units for NPV and

Fig. 3. Sensitivity analysis, a) Sensitivity of the NPV (REOs project) to the price of REOs, operating costs and capital costs; b) Sensitivity of NPV to discount rate in REOs project; c)
sensitivity of NPV (vanadium project) to the price of V2O5, operating costs and capital costs; d) Sensitivity of NPV to discount rate in vanadium project.
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CAPEXaremillionUS$,OPEXandprice arekUS$/ton, and thediscount
rate is dimensionless. The R-squared values or the coefficient of the
regressions were R2 ¼ 98:17%, R2adj ¼ 97:99%, and R2pred ¼ 97:79%
for REOs project, and R2 ¼ 99:95%, R2adj ¼ 99:95%, and R2pred ¼
99:94% for the V2O5 project. The R2 for both projects are over 98%
which means that at least 98% of the variation of the NPV can be
explained by the model. Also, excellent values of adjusted R2 and
predicted R2 were observed which suggests that the number of pa-
rameters is themodel is correct and that themodel is able to produce
high quality predictions. The ANOVA results and Pareto graphics are
included in the supplementary material. Also, supplementary mate-
rial gives the results of the design-of-experiment and response sur-
facemethodology for the IRRwhichbehavesdifferently fromtheNPV.

4. Discussion

Mine tailings are waste obtained from the processing of a rock
with a view to obtain one or more products that will be refined to
finally get a metal(s) that is needed. Tailings should be stored in
facilities where they are disposed in accordance with the regula-
tions binding in each region, otherwise, the consequences to the
environment can be devastating.

The lack of a long-term consideration of the entire life-cycle of a
mine and the instability of mine projects contribute to irreversible
mineral losses and resource sterilization. With this knowledge in
mind, further research should address new strategies to anticipate
the future use of material beyond the closing of a mine (L�ebre et al.,
2017). Mine waste hierarchy goes from prevention as the most
favorable option to treatment and disposal as the least favorable
options; if waste cannot be prevented then reuse and recycling are
needed (Lottermoser, 2011). Nowadays most mine tailings go to the
treatment and disposal phase. In the Sustainable Development
Goals, the World Economic Forum suggests the re-use of tailings,
these goals are meant to be achieved by 2030 (World Economic
Forum, 2016). The reprocessing of mine tailings is also an
element of the transformation from a linear to a circular economy
that the mining industry must face. Reprocessing mine tailings to
obtain critical materials reduces the dependency on reserve
extraction (El Wali et al., 2019).

Other approaches to mine tailings management from a circular
economy point of view include recovering water from mine tail-
ings, which helps to reduce the reliance on seawater (Cisternas and
G�alvez, 2018). Recovering water or reducing the amount of water in
tailing diminish the need to pump water, which decreases energy
consumption and greenhouse gas emissions involved in pumping
water to high altitudes, where mines are usually located in Chile
(Araya et al., 2018; Herrera-Le�on et al., 2019; Ramírez et al., 2019).
Another approach is to use mine tailings as cementitious materials
and pigment for sustainable paints (Barros et al., 2018; Vargas and
Lopez, 2018).

There have been conducted several studies on new technologies
or processes to recover CRMs from secondary sources such as mine
waste (Alcalde et al., 2018; Andersson et al., 2018; Figueiredo et al.,
2018; Khalil et al., 2019; Markovaara-Koivisto et al., 2018; Peelman
et al., 2018). Most of these studies are carried out at laboratory and
pilot plant scale. Nevertheless, the literature on the recovery of
CRMs from mine tailings is constantly growing. It is due to the fact
that new sources of CRMs are urgently needed as their importance
in the global economy is constantly growing. Moreover, the utili-
zation of wastes such as mine tailings, instead of mineral deposits,
is essential from a circular economy point of view. Therefore,
extrapolation of the potential of these technologies is immensely
needed.

Results show that mine tailings facilities of the copper industry
in Chile store valuable elements such as CRMs. Therefore, the early

evaluation of geochemical content, identification of suitable tech-
nologies, and an economic analysis will help to find more sus-
tainable alternatives to CRMs production.

The DCF is a widely used method of financial assessment, but it
is not a decisive metrics for making a final decision on real in-
vestment. In order to ensure the robustness of assessment, sensi-
tivity analysis was performed to analyze the effect of the possible
fluctuations of market prices, capital and operating costs on the
analyzed options of CRMs production. It has been found out that
the discount rate and both capital and operating costs play critical
roles in economic decisions in different areas (Choi et al., 2018;
Cisternas et al., 2014; Santander et al., 2014).

Reprocessing mine tailings will also have an impact on the
environment. Due to the nature of chemical and physical processes,
mineral processing is water and energy intensive, some quantities
of solvents and reagents are used and at the end of the process,
therewill still bewaste that should be stored in a tailing facility. The
mining waste obtained after the reprocessing of tailings should be
stored in a tailing facility complying with the regulations designed
to protect people and the environment.

5. Conclusions

There are 696 tailings storage facilities in Chile, mainly from
copper mining, which is the biggest mining industry in the country.
The biggest TSF has the capacity to store 4,500,000,000 tons of
tailings. Currently, there are some initiatives for recovering metals
of interest frommine tailings, but such initiatives are all in the early
stages of feasibility assessment. This study provides valuable in-
formation for the assessment of the techno-economic feasibility of
industrial-scale critical materials recovery from copper industry
tailings.

Copper production will continue to grow as the copper grade
decrease. Therefore, the volume of mine tailings that are produced
every year will increase as well. Mine tailings are a worldwide
environmental problem as they can generate acid drainage, and
cause air pollution and soil contamination. Yet, mine tailings
contain several valuable elements, among them critical raw mate-
rials. Therefore, the use of mine tailings as a secondary source
would help mitigate shortages in critical raw materials by mini-
mizing the reliance on primary sources.

Chilean copper mine tailings have substantial economic poten-
tial as a source of critical materials such as vanadium, cobalt, rare
earth elements and antimony. Minerals contained in Chilean mine
tailings from copper production are mostly silicates with a low
grade of CRMs; currently, no approved projects exist that consider
mine tailings as a source of CRMs. Although mine tailings have a
low grade of CRMs, their already stored quantity is enormous. In
addition, prices of critical rawmaterials can be very high, and these
factors could make a future production of CRMs from mine tailings
feasible.

Two options of producing CRMs using mine tailings were
assessed; production of rare earth oxides (REOs) and production of
vanadium pentoxide (V2O5). The DFC method was used to evaluate
the economic feasibility of both operations. The NPV and IRR for the
production of REOs are positive, which means that the project is
feasible. Nevertheless, the NPV is low for an investment of this scale
and the IRR is close to the discount rate value. The sensitivity
analysis of the NPV of REOs production from mine tailings showed
that NPV is highly sensitive to the discount rate and REO prices.
Results of the ANOVA confirm that the discount rate and price are
the most significant variables influencing the NPV behavior.

Vanadium pentoxide production is feasible for an investment of
14 years, as the NPV is 76 million US$ and the IRR IS 21% for V2O5
production. Vanadium is the main CRMs found in tailings in the
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Second Region in Chile. It is concluded that producing CRMs using
inactive tailings and later tailings from the active mining processes
may be a feasible option to ensure profitable use of mine tailings
and to diversify CRMs supply.
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A B S T R A C T   

The re-processing of mine tailings to obtain critical raw materials (CRMs) could reduce the mining of new de-
posits as well as ensure the profitable use of the waste materials. Though, it requires large scale industrial in-
stallations and the development of specialized technologies to obtain CRMs. New investment in mining activities 
is an operation, engaging for considerable financial resources involved. The scale of such an endeavor makes a 
new mining activity a high-risk operation due to several uncertainties present. Therefore, there is an acute need 
to use new tools to assess the risk associated with the planning and development of new mining activities. 

This study introduces a framework to evaluate the economic risk related to the re-processing of mine tailings 
to obtain CRMs. The framework, based on real options analysis (ROA), and sensitivity and uncertainty analysis, 
was applied to analyze the profitability of using mine tailings as a source of CRMs in the Chilean mining industry. 
The novelty of this approach consists in enabling the investment decision making including the uncertainties 
related to a novel investment mining project. 
Results: show that tailing storage facilities in Chile have some stocks of CRMs, like scandium, whose extraction 
could be profitable. For the data used, the results of uncertainty and sensitivity analyses show that capital 
expenditure has a more significant influence than the other variables. Therefore, for the case of mine tailings re- 
processing, it is essential to develop processes and technologies that enable lower capital expenses.   

1. Introduction 

Mine tailings are waste obtained after the processing of some min-
erals to acquire one or more elements of interest. They are composed of a 
mixture of heavy metals, water, sand, and fine-grained solid material, 
and generally are deposited in ponds without further treatment (Babel 
et al., 2016; Santibañez et al., 2012; L. Wang et al., 2017). The annual 
amount of mine tailings generated by the mining industry exceeds 10 
billion tons (Adiansyah et al., 2015) and is expected to be growing 
because of the increasing production forecast by 2035 the volume of 
tailings will double (CESCO, 2019). Due to higher demand for mineral 
products and lower grades of ore as a result of which more materials will 
have to be processed in more energy-intensive processes (Wang et al., 
2014). Particularly, Chile has already 10,565 million tons of mine tail-
ings and an approved capacity of 23,935 million tons, from which 99% 
belongs to mines of copper-gold-silver-molybdenum resources 

(SERNAGEOMIN, 2020). 
Mine tailings deposits may contain many valuable elements as has 

been shown in several studies (Alcalde et al., 2018; Andersson et al., 
2018; Figueiredo et al., 2018; Khalil et al., 2019; Khorasanipour and 
Jafari, 2017; Macías-Macías et al., 2019; Markovaara-Koivisto et al., 
2018; Medas et al., 2013; Wen et al., 2019). In the particular case of 
Chilean copper mine tailings, 0.82% are metals, non-metals, and met-
alloids, 0.01% rare earth elements, and the rest major rock-forming el-
ements (SERNAGEOMIN, 2017). Nowadays, mine tailings are 
increasingly often seen as a potential source of raw materials, and sec-
ondary sources are attracting more and more attention due to the ben-
efits of a circular economy approach (Jeswiet, 2017; Kinnunen and 
Kaksonen, 2019). 

Currently, extracting raw materials and metals from ore bodies of 
declining ore grade means potentially bigger mine size generating more 
waste, overburden to the environment, higher consumption of energy, 
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water, and auxiliary materials which overall produce severe environ-
mental consequences and larger political risks (de Koning et al., 2018; 
Mudd, 2010; Northey et al., 2016; Žibret et al., 2020). Furthermore, by 
2050 the overall demand for metals will rise by a factor of 3–4 (de 
Koning et al., 2018). When a mine has exhausted its resources whose 
extraction is economically viable, an alternative is to close it and then 
reopen when the market and technology conditions enable a profitable 
re-processing of tailings (Northey et al., 2016). The long-term supply of 
metals highly depends on actual and expected prices, cumulative 
availability curve, and new mining technologies (de Koning et al., 2018; 
Gordon et al., 2007; Tilton and Lagos, 2007; Yaksic and Tilton, 2009). 
Additionally, the development of new high-tech technologies might lead 
to disruptive demand change (Tukker, 2014); meanwhile, it may take 
ten years or more to open new mines and adjust production (de Koning 
et al., 2018). 

There is a group of materials that is drawing considerable attention, 
recently. They are called critical raw materials (CRMs) and are funda-
mental to the manufacturing of a broad range of equipment essential in 
digital technologies, low-carbon systems, and sustainable mobility 
(David and Koch, 2019; Mathieux et al., 2017; X. Wang et al., 2017). 
According to the European Commission, critical raw materials possess 
two common characteristics: they have high economic importance to the 
European Union and their supply is associated with high risk (European 
Commission, 2017). Supply risk results from the concentration of pri-
mary supply in the countries, considered as risky due to their gover-
nance performance and trade aspects (European Commission, 2017). 
The recent list made by the European Commission contains 30 raw 
materials or groups of raw materials that are identified as critical (Eu-
ropean Commission, 2020). 

Mine tailings contain several CRMs, even if their content is low, the 
volumes of mine tailings are big enough to consider re-processing 
(Binnemans et al., 2015; Careddu et al., 2018). Several studies analyze 
the geochemical content of mine tailings to demonstrate that they 
contain CRMs and point out that tailings could be re-processed in the 
future (Ceniceros-Gómez et al., 2018; Dino et al., 2018; Markovaar-
a-Koivisto et al., 2018; Moran-Palacios et al., 2019; Tunsu et al., 2019). 

This study aims to propose a framework to assess the feasibility of re- 
processing mine tailings to obtain CRMs considering the uncertainties 
involved. The presented methodology is illustrated by the set of unique 
data applicable to Chilean mine tailings. The proposed approach consists 
of applying the Discounted Cash Flow (DCF) method alongside Real 
Options Analysis (ROA) as well as uncertainty and sensitivity analysis. It 
could be applied to other mine tailings deposits for which geochemical 
data are available. For example, the contents of CRMs in mine tailings 
have been already measured in some deposits in Finland, Sweden, 
Portugal, Indonesia, and Mexico (Ceniceros-Gómez et al., 2018; 
Hällström et al., 2018; Markovaara-Koivisto et al., 2018; Peelman et al., 
2018; Szamałek et al., 2013; Tunsu et al., 2019). 

The research questions that this study seeks to answer are:  

• Is it economically feasible to invest in a project developed around the 
idea of re-processing mine tailings to obtain critical raw materials?  

• How can real options analysis improve the decision to invest in a 
project using mine tailings as a source of critical raw materials?  

• How can the net present value variables influence real options 
performance? 

Sustainable development components involved in mine tailings 
management strategy should include energy, water, technology, envi-
ronmental impact, cost (Adiansyah et al., 2015), and policy. The valo-
rization of mine tailings appears a critical component to achieving a 
circular economy model in the mining industry, which needs to improve 
its processes to minimize the environmental impacts of mining waste 
(Lèbre et al., 2017; Tayebi-Khorami et al., 2019). The valorization of 
tailings is still in the early stages, but it is expected to improve in the 
future (Kinnunen and Kaksonen, 2019). Economic tools are crucial to 

analyze the use of secondary sources (Alwaeli, 2011a). The proposed 
approach consists of applying the Discounted Cash Flow (DCF) method 
alongside Real Options Analysis (ROA) as well as uncertainty and 
sensitivity analysis. 

The novel contribution of this article consists of considering ROA and 
sensitivity and uncertainty analysis to give flexibility to the economic 
assessment of mine tailings re-processing, acknowledging the un-
certainties involved. Net present value (NPV, which is a metric to assess 
the feasibility of a project, is calculated using the DCF method as a 
starting point, and next using ROA, different outcomes for an investment 
project are estimated (Arnold, 2014; Brandão et al., 2005; Kodukula and 
Papudesu, 2006; Trigeorgis, 1996). The viability of mining investments 
depends on variables that have high uncertainty as to the market prices 
of metals. In the case of re-processing mine tailings, technology de-
velopments and business model development are still needed. To study 
the influence of several variables on NPV outcome, Monte Carlo simu-
lation is used to perform sensitivity and uncertainty analysis. 

2. Methodology 

The profitability analysis of mine tailings processing requires the 
identification of geochemical characteristics of the tailings deposit, also 
named tailings storage facility (TSF). Mineral characteristics and con-
centration of elements that are present in the TSF along with the mass of 
tailings accumulated in the deposit allow estimating the quantity of each 
CRM (Araya et al., 2020; Markovaara-Koivisto et al., 2018; Mor-
an-Palacios et al., 2019). 

In the economic analysis, the in-situ value is estimated by multi-
plying the total mass of a specific CRM by its price. Total mass is 
calculated based on the average concentration and mass in a TSF (Araya 
et al., 2020; Markovaara-Koivisto et al., 2018). DCF method is used to 
estimate the NPV of a project for extracting one or more CRMs from one 
of the TSF analyzed. Criteria used to choose which CRM could be 
extracted include concentration, total mass, and price. In some cases, 
finding such data, as well as get access to data for estimating the capital 
expenses (CAPEX) and the operating expenses (OPEX) for each CRM is 
rather difficult. 

Subsequently, an overview of technologies suitable for re-processing 
mine waste stored in a TSF to extract the CRMs is needed. If these 
technologies are still not applicable on an industrial scale, then, tech-
nologies used to process primary ores to obtain such CRM are consid-
ered, the same goes for economic inputs such as CAPEX, OPEX, and 
production. When dealing with mine waste, some consideration needs to 
be given to aspects, such as a lower grade of elements contained in it 
(Araya et al., 2020; Binnemans et al., 2015; Falagán et al., 2017). Mine 
tailings are already in the form of a paste or slurry, so there are no 
mining costs, which usually represent 43% of operating costs in a mine 
(Curry et al., 2014). 

ROA is applied using the NPV obtained with the DCF method using 
the method of risk-neutral probabilities presented in. The binomial tree 
analysis is used to apply ROA. A binomial tree is built by using the 
method of risk-neutral probabilities presented by Kodukula and Pap-
udesu (2006); this methodology involves adjusting the risk of the cash 
flows across the lattice with risk-neutral probabilities and discounting 
them at a risk-free rate (Kodukula and Papudesu, 2006). Sensitivity and 
uncertainty analyses are used to assess the effect of uncertainties on net 
present value. Monte Carlo simulation is used to perform uncertainty 
analysis and the Sobol’ indices are calculated to perform global sensi-
tivity analysis. 

2.1. Project valuation tools 

Investments in the mining sector are capital intensive and mostly 
irrevocable with a limited economic life span. Their economic viability 
depends on the uncertain world market price and on how project risks 
emerge (Guj and Chandra, 2019). The project value is determined by the 
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commodity market and flexibility inherent in the metal mining system to 
respond to uncertainties (Savolainen et al., 2017). The available future 
metal prices can be used as certain in the project valuation process, 
where their maturity is maximum between two to five years (Savolai-
nen, 2016). 

Traditional valuation tools, such as the DCF method, are static 
methods that do not consider the uncertainty of the variables used to 
estimate the profitability of an investment (Arnold, 2014; Brandão et al., 
2005; Kodukula and Papudesu, 2006; Trigeorgis, 1996). The project 
valuation techniques that ignore the real option nature of the project are 
widely used in the mining industry, e.g., net present value, internal rate 
of return, and static DCF (Savolainen, 2016). DCF method treats future 
cash flows as deterministic values. Methods to include uncertainty in the 
result of NPV are: increasing the discount rate, applying sensitivity 
analysis, comparing pessimistic and optimistic cash flows, or to use 
scenario planning to estimate expected cash flows (Gaspars-Wieloch, 
2019). 

There are many approaches to analyze cost-intensive investments 
under the conditions of uncertainty (Cristóbal et al., 2013). One of the 
methods gaining popularity is real options as it is being applied in 
different fields (Insley, 2002; Nelson et al., 2013; Regan et al., 2015; 
Schatzki, 2003; Slade, 2001). Real options are a right, not an obligation, 
to undertake business initiatives connected with tangible assets (Kodu-
kula and Papudesu, 2006; Wang and Neufville, 2005). Real options 
acknowledge managerial flexibility and readiness to adjust investment 
projects due to future uncertainty and the changing environment, 
involving possible managerial options that can reshape a project and 
adapt it to changing conditions to maintain or enhance its profitability 
(Trigeorgis, 1993). Real options for a project exploit the flexibility of 
sequential investment with flexible strategies and the capability to delay 
decisions in an engineering system to react to an uncertain outcome; 
where the changes depend on exogenous and endogenous uncertainties, 
so it is hard to make credible value estimates (Guj and Chandra, 2019). 
Common attributes of real options valuation design include identifica-
tion of sources of uncertainty, available real options recognition, 
modeling of uncertain variables, and real option valuation (Kozlova, 
2017). Methods used to evaluate real options are decision trees, Monte 
Carlo simulations, and the Black-Scholes model (Arnold, 2014; Collan, 
2011; Kodukula and Papudesu, 2006). 

ROA is used in metal mining to assess mining investments due to the 
growing market uncertainty and project complexity of new investments. 
The real options valuation method aims to protect and increase the 
economic return from a project (Savolainen, 2016) and is applied pre-
dominantly in investment project valuation (Kozlova, 2017). 

2.2. Discounted Cash Flow (DCF) method 

DCF method is based on the calculation of NPV of a project over its 
entire life cycle accounting for the investment and the free cash flows 
throughout its whole life (Kodukula and Papudesu, 2006). 

Project NPV =PV of free cash flows in production phase

− PV of investments costs (1) 

According to the DCF method, if the project NPV is greater than zero, 
it means that the project revenues are greater than the costs of the 
project, so it is financially attractive (Arnold, 2014; Kodukula and 
Papudesu, 2006). 

Present value (PV) is the estimation of costs and net revenues of the 
development production phase. These are the free cash flows over the 
entire life cycle of the project (Kodukula and Papudesu, 2006). 

PV =
FV

(1 + r)n
(2)  

Where FV is the future value, r is the discount rate per time period, and n 
is the number of the time period. 

To estimate the NPV of a project, CAPEX and OPEX of a project with 
similar characteristics in terms of ore grade and production capacity are 
used. CAPEX may include treatment equipment, water intake structure, 
site preparation, concentrate discharge system, auxiliary equipment, 
piping, and valves (Bhojwani et al., 2019). OPEX includes labor, energy 
cost, chemicals, maintenance, spare parts, as well as indirect cost 
(Bhojwani et al., 2019). 

The following equation was employed to estimate NPV and PV of a 
project based on the use of mine tailings: 

cash flow=

(

price ⋅ production − OPEX ⋅ production −
CAPEX

n

)

⋅ (1 − taxes)

+
CAPEX

n
(3)  

Annuity= 1 −
1

(1+R)n

R

(4)  

PV = cash flow⋅annuity (5)  

NPV =PV − CAPEX (6)  

Where n is the time of the project development, and r is the discount rate 
or interest rate. The equations formulated replace calculating cash flows 
for every year of the project and then adding them up to calculate the 
PV. 

2.3. Sensitivity and uncertainty analysis 

A project is based on many inputs that are uncertain, such as pro-
duction costs, price of materials and equipment, and sales volume. The 
analysis and modeling of uncertainty enhance the ability to make 
appropriate decisions. The need to analyze uncertainties comes from the 
awareness that data abundance does not necessarily provide certitude, 
and sometimes can lead to errors in the decision-making process 
(Attoh-Okine and Ayyub, 2005). Due to uncertainty, there is no project 
without risk, and the uncertainty could be caused by different factors, e. 
g. lack of information or data (Munier, 2014). 

Sensitivity analysis examines the response or reaction of an output 
variable, such as the NPV to the variations of input variables, such as 
price or sales volume, etc. (Munier, 2014). Sensitivity analysis methods 
explore and quantify the impact of possible errors in the input data on 
predicted model outputs (Loucks and van Beek, 2005). Sensitivity 
analysis is used in a broad spectrum of disciplines to study how various 
sources of uncertainty in a model contribute to the model’s overall un-
certainty. On the other hand, uncertainty analysis assesses the impact of 
ambiguous values of parameters on the final results (Cacuci, 2003). 
Sensitivity analysis may be performed together with uncertainty anal-
ysis to ensure the quality of the model and the transparency of the 
decision-making process (Borgonovo, 2017). 

Monte Carlo simulation methods are tools widely used to perform 
sensitivity and uncertainty analysis (Attoh-Okine and Ayyub, 2005). 
Monte Carlo simulation can be used for risk analysis by modeling the 
probability of the different outcomes of a process; it can be used as a 
valuation tool for projects (Arnold, 2014; Collan, 2011; Kodukula and 
Papudesu, 2006). Monte Carlo simulation randomly generates values of 
the uncertain variables within a certain range to simulate the potential 
outcomes (Kodukula and Papudesu, 2006; Mun, 2002). Sensitivity and 
uncertainty analysis can be used as a complementary tool to the DCF 
method and ROA to study the effect of the inputs on NPV (De Reyck 
et al., 2008; Gaspars-Wieloch, 2019; Kodukula and Papudesu, 2006; 
Pivorienė, 2017). 
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2.4. Real Options Analysis (ROA) 

A ROA or real options valuation (ROV) is performed alongside the 
DCF method; ROA is applied using PV of free cash flows and NPV of a 
project calculated with DCF method as a basis to estimate different 
outcomes (Kodukula and Papudesu, 2006). Traditional options used in 
ROA are the option to defer or the option to wait to invest in a project, 
expand a project, and an option to choose between projects (Kodukula 
and Papudesu, 2006). 

In this study, a binomial tree is used, which is a decision tree. The 
binomial model can be solved using risk-neutral probabilities or market- 
replicating portfolios, both have the same theoretical framework leading 
to the same solutions but with different mathematical approaches 
(Kodukula and Papudesu, 2006). The inputs required to build a binomial 
tree and calculate the option value are the risk-free rate (r), the value of 
the underlying asset (S0) which is the PV of the expected free cash flows 
based on the DFC method, the cost of exercising the option (X) which is 
the investment required, the life of the option (T), the volatility factor 
(σ) which is a measure of the variability of the underlying asset during 
its lifetime, and the time frame chosen for the calculations (δt) (Kodu-
kula and Papudesu, 2006). In Fig. 1, a generic binomial tree of 2 steps is 
shown. 

The up (u) and down (d) factors are functions of the volatility of the 
underlying asset, and they are described as follows: 

u= exp
(
σ

̅̅̅̅
δt

√ )
(7)  

d=
1
u

(8) 

The risk-neutral probability is a mathematical intermediate that al-
lows for discounting the cash flows using a risk-free interest rate. The 
risk-neutral probability (p) is defined as follows: 

p=
exp(rδt) − d

u − d
(9) 

The option to wait also called the option to defer should be included 
in every project. A company may prefer to wait before it invests in a 
project with either negative or marginal NPV when it is highly uncertain 
that the project will achieve a high NPV in the future (Kodukula and 
Papudesu, 2006). An example is a delay in mining a deposit until the 
market conditions are favorable. 

3. Case study 

Chile has a large mining industry (Cisternas and Gálvez, 2014; Jane, 
2003); mining represents 9.8% of the gross domestic product, and 
copper mining is responsible for 8.9% (COCHILCO, 2019). Chile has a 
rich territory endowed with porphyric deposits in terms of copper and 

molybdenum (Oyarzún and Oyarzún, 2011). In 2018, Chile produced 5, 
872 million fine copper tons equivalent to 28.3% of global production, 
which made it the No. 1 world producer of copper (SERNAGEOMIN, 
2019a). The country is also the second world producer of molybdenum, 
a copper by-product, with 60,248 tons representing 20.4% of the 
world’s production. 

The production of copper in Chile is concentrated mainly in the 
northern and central parts of the country, where 40% of the worldwide 
reserves of copper are found (SERNAGEOMIN, 2019a). Copper can be 
found in sulfide ores and oxides. Sulfide ores are the primary source of 
copper. Copper is obtained from sulfide ores by flotation to concentrate 
copper; mine tailings are the waste of flotation. 

In Chile, there are 740 tailing storage facilities. Most of them come 
from copper mining, and all are registered in a national cadaster kept by 
The National Service of Geology and Mining - SERNAGEOMIN, out of 
which geochemical characteristics of 634 tailing deposits are available 
online, 56 chemical elements have been analyzed, including 25 CRMs. 
The content of silicon dioxide is also analyzed because silicon metal is a 
CRM that can be obtained from silicon dioxide (SERNAGEOMIN, 
2019b). 

The Antofagasta Region is located in the Atacama Desert in northern 
Chile, and it holds the largest tailings deposits in the country, including 
the biggest one with a capacity of 4,500 million tons (SERNAGEOMIN, 
2020). This study is focused on active tailing deposits, i.e., those 
currently used until they reach the legally allowed capacity. These 
tailing deposits are Laguna Seca, Talabre, Esperanza, Sierra Gorda, and 
Mantos Blancos; the location of these mine tailings deposits is shown in 
Fig. 2. The capacity of the active mine tailings analyzed in this study is 
presented in Table 1. In the supplementary material, the detailed 
geochemical characterization of the analyzed deposits is included. 

4. Results 

Despite low concentrations of CRMs found in mine tailings, these 
appear as possible sources of CRMs due to their availability in larger 
volumes and the ease with which they can be treated on-site using the 
geochemical analysis provided by SERNAGEOMIN, which shows the 
average concentration of 56 chemical elements present in tailing facil-
ities (SERNAGEOMIN, 2019b). The total mass of each CRM contained in 
the TSF was calculated using its average concentration and the mass of 
the tailing facility. The in-situ values were calculated using current 

Fig. 1. Generic recombining binomial tree (source: adapted from Kodukula and 
Papudesu, 2006). 

Fig. 2. Active TSF located in the Antofagasta Region, source: (SERNAGEO-
MIN, 2020). 
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prices, in some cases when it was not possible to find the price of the 
CRM as metal, the price of the oxide was used, so these are estimates 
based on the available data provided by the United States Geological 
Survey in their report about commodities released in 2019 (U.S. 
Geological Survey, 2019), the prices that were not available in this 
report were taken from websites providing metal prices (Metal Prices, 
2019; Statista, 2019). The average concentration, total mass, and price 
of each CRM of Esperanza TSF appear in Table 2 as an example. The 
same calculations for the other four TSF analyzed can be found in 
Supplementary Material. In Table 2, it is also presented the price of the 
mischmetal, which is an alloy of rare earth elements, usually 50% 
cerium and 25% lanthanum with smaller amounts of neodymium and 
praseodymium (Sciencedirect, 2020). 

The profitability of using mine tailings as a source of CRMs is 
analyzed using a ROA to produce a CRM using the examined TSF. The 
ROA is illustrated using the option to wait if the investment is not an 
attractive option according to the results of the DFC method. Reasons to 
wait to invest include situations when capital cost and/or operating 
costs are too high, and the prices of CRMs are not high enough to obtain 
a positive NPV for the project. 

The example used to illustrate this analysis is the production of 
scandium metal. Scandium was chosen as a CRM to be extracted from 
mine tailings out of Table 2 due to its elevated price and the quantity 
present in the TSF, as well as the availability of data about CAPEX and 
OPEX for a similar project of scandium production. Scandium is not 

reported to be recovered from mine tailings; it is produced mainly from 
primary resources and the principal source for scandium is metal im-
ports from China (U.S. Geological Survey, 2019), from REE, and iron ore 
processing in Bayan Obo, China (European Commission, 2017). Hy-
drometallurgy processes have been suggested to recover scandium from 
secondary sources. 

4.1. Discounted Cash Flow method and Net Present Value 

The data for the production of scandium from primary resources 
were used to estimate PV and NPV (Investorintel, 2014). The following 
considerations were made to adapt the data from the original report to 
the case of mine tailings: the concentration of scandium in the tailing 
deposits is ten times lower than in the primary resource, hence it was 
considered that CAPEX and OPEX would be ten times higher. However 
mining and comminution costs are not considered since there is no need 
to incur these costs when dealing with mine tailings, in the case of the 
OPEX, 43% is discounted from the original values since that percentage 
corresponds to mining and comminution processes (Curry et al., 2014). 
To have a realistic and profitable process, lower production volume was 
considered. Moreover, an 80% process efficiency was assumed. The 
input parameters are listed in Table 3, and they correspond to the 
adapted parameters from the project that was used as a reference. 

The DCF method using a risk-adjusted discount rate for five years 
showed that the PV for the project is 195 million USD, an NPV -138 
million, for an investment of 333 million USD. If the DCF method is 
screened for a longer period, e.g., ten years, it shows a higher value of PV 
and NPV, 244 million USD, and − 89 million USD, respectively. It is 
essential to point out that traditional mining projects, planned for 15 or 
20 years, are used for calculating NPV because they are long-term in-
vestment projects, but in the case of a project based on mine tailings and 
CRMs it is more reasonable to use a shorter period. 

4.2. Uncertainty and sensitivity analysis of NPV 

To study the effect of uncertainties of input variables and their dis-
tribution on NPV results and their sensitivity. Sensitivity and uncer-
tainty analyses were performed using Monte Carlo simulation in 
RStudio. NPV was modeled using equations (6)–(9), which is a function 
of the inputs used to calculate the NPV; in this analysis, taxes, and 
depreciation were included. The inputs ranged between a minimum and 
maximum value, considering a range ±20%, the following values for 
each output were considered: price 4.4–6.6 million USD/ton, CAPEX 
268–402million USD/ton, OPEX 4400–6600 USD/ton, discount rate 
0.08–0.12, production 6.4–9.6 ton, and the number of years of the 
project was constant since NPV is highly sensitive to changes in the 
period of investment. The analysis was made for an investment of five 
and ten years. Fifty thousand simulations were run. 

Summary of results shows, for an investment of 5 years, a minimum 
value of − 229.03 and maximum value of − 32.5 for NPV and a mean and 
median that are almost equal, - 137.33 and − 137.47, respectively. 

To perform global sensitivity analysis, the function of R-studio 
Soboljansen implements the Monte Carlo estimation of Sobol’ indices 
with independent inputs. Fig. 3 shows the main and total effects of the 

Table 1 
Allowed capacity in active tailings storage facilities in Antofagasta Region, 
source:(SERNAGEOMIN, 2020).  

Tailing storage facility 
(TSF) 

106 t (until April 23, 
2019) 

106 t (allowed 
capacity) 

Laguna Seca 1,302.24 4,500 
Talabre 1,792.72 2,103.95 
Sierra Gorda 142.80 1,350 
Esperanza 240.50 750 
Mantos Blancos 130.71 138.2  

Table 2 
Concentration, mass, and in-situ values of critical raw materials in the Esperanza 
tailing storage facility.  

Critical raw 
materials 

Average 
concentration 
(mg/kg) 

Mass (t) Price (USD 
$/t) 

CRM in- 
situ value 
(106 USD$) 

Vanadium 160 120,000 30,865 3,704 
Cobalt 11 8,250 72,753 600 
Niobium 21 15,750 21,000 331 
Barium 185 138,750 180 25 
Hafnium 3.88 2,910 775,000 2,255 
Silicon 224,632 168,474,330 3,042 512,563 
Yttriuma 49 36,750 36,000 1,323 
Scandiuma 26 19,500 5,420,000 105,690 
Lanthanuma 15.96 11,970 2,000 24 
Ceriuma 32.32 24,240 4,830 117 
Praseodymiuma 4.31 3,233 92,400 299 
Neodymiuma 17.46 13,095 51,000 668 
Samariuma 3.65 2,738 14,850 41 
Europiuma 1.06 795 56,000 45 
Gadoliniuma 3.43 2,573 22,330 57 
Terbiuma 0.49 368 647,500 238 
Dysprosiuma 2.87 2,153 280,700 604 
Holmiuma 0.55 413 38,000 16 
Erbiuma 1.71 1,283 140,000 180 
Thuliuma 0.26 195 not 

available 
0 

Ytterbiuma 1.6 1,200 not 
available 

0 

Lutetiuma 0.23 173 1,258,000 217 
Mischmetala 85.9 63,630 20,300 1,292  

a Rare earth elements. 

Table 3 
Input parameters for the Discounted Cash Flow method.  

Input parameters Value Unit 

Capital expenses 333 million USD 
Operating expenses 5,700 USD/t 
Price of scandium metal 5.42 million USD/t 
Ore grade 26 ppm 
Production 8 Ton/year 
Discount rate/interest rate 0.1  
Period 5 &10 years 
Taxes rate 0.35   
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inputs. It can be seen that the main effect and the total effect of each 
variable are very close which indicates that there are no significant in-
teractions between them. A boxplot was used to confirm the results 
obtained by the estimation of the Sobol indices. It allows to visualize the 
minimum, lower quartile, median, upper quartile, and a maximum of a 
data set (Spitzer et al., 2014). The boxplots as a visualization method 
enable to represent the characteristics that might not be visible other-
wise, and they are a straightforward and informative method of data 
interpretation (Sun and Genton, 2011). The boxplot is presented in the 
supplementary material. It can be seen, using the boxplot and the Sobol 
indices, that CAPEX in this investment has the most significant impact 
on NPV. 

4.3. ROA using the binomial tree method 

ROA is performed using a binomial decision tree methodology pre-
sented by Kodukula and Papudesu (2006), for an investment of five 
years and an investment of ten years. The input parameters and option 
parameters are shown in Table 4. 

For the two cases, five years and ten years, option parameters are the 
same. Next, the development of a decision tree for an investment of five 
years is explained; the procedure is the same for both cases. With the 
option parameters, the binomial tree is built by calculating asset values 
and options values over the life cycle of the option; asset values are 
obtained after multiplying S0 to u and d raised to the power indicated in 
each node. Those are the numbers on top of every node of the binomial 
tree. For example, in node S0u5, the expected asset value is 874 million 
USD. 

Option values are the bottom numbers in the tree. The option to wait 
expires at the end of the binomial tree, so a decision cannot be made 

after the time that the decision tree takes. Option values at year five are 
calculated as the expected asset value of each node minus the cost of 
exercising the option, which corresponds to the investment. So, for 
example, in node S0u5, the expected asset value is 874 million USD, the 
investment is 333 million USD, then the net asset value is 541 million 
USD. The decision in node S0u5 would be to invest. 

If the option value is negative, then the option value is equal to zero, 
because a real option is a choice, not an obligation. The option to invest 
is exercised at nodes where the option value is not zero. 

Option values are the numbers below each node, and they are 
calculated with backward induction. Fig. 4 shows the binomial tree for 
five years, and the binomial tree for ten years’ investment is included in 
the supplementary material. Each node represents value maximization 
to invest in that point or to wait until the next period; at every node, 
there is an option to either invest in the project or the option to wait until 
the next period, until the option expires, the net asset value, in this case, 
represents the NPV. Since the option is evaluated at five-year intervals, 
in node S0u5, see Fig. 4 the decision is to invest in this point, and the 
option value is 541 million USD, but in year five, there are also nodes 
where the option value is zero. In node S0u3d2, the expected asset value 
is 263 million, for an investment of 333 million, the net asset value is 
− 70 million. Hence, the option value at this point is zero, so the decision 
in this node would be not to invest. 

Next on the intermediate nodes, the expected asset value for keeping 
the option open is the discounted weighted average of potential future 
option values using the risk-neutral probability that value, e.g., at node 
S0u4 is: 

p
(
S0u5)+(1 − p)

(
S0u4d

)
⋅exp(− rδt) (10) 

In this node, if the option is exercised the payoff would be 647 
million, resulting in a net asset value of 314 million, by investing 333 
million, since the net asset value obtained by keeping the option open is 
higher, 330 million, then the option to invest is not exercised. In some 
intermediate nodes, the expected asset value is lower than the 

Fig. 3. Sobol’-Jansen indexes for 5-years investment scandium project.  

Table 4 
Input and option parameters for ROA.  

Input parameters  Unit 

S0 (5 years) 195 million USD 
S0 (10 years) 244 million USD 
T (time to expiration) 5/10 years 
X 333 million USD 
σ (volatility) 30 % 
r (risk-free rate) 5 % 
Δt (time step) 1  
Option parameters 
u (up factor) 1.35  
d (down factor) 0.74  
P (risk-neutral probability) 0.51   

Fig. 4. Binomial tree for the option to wait for five years to invest in the 
scandium project. 
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investment, which results in a net loss, then the decision at that node is 
to wait, which means that the option value is $0. The option valuation 
binomial tree is completed until year 0. 

In each node, the upper numbers represent the expected future 
values of the underlying asset during the option life cycle as it evolves 
according to its cone of uncertainty, see Fig. 4. For example, in year 2, 
the project is estimated to produce a total payoff between 107 and 355 
million USD, at the end of year five, the payoff is between 44 and 874 
million. The bottom numbers represent option values on the maximi-
zation of investing in that point or applying the option to wait until the 
next period. The option expires in the fifth year because it is framed in 
such a way that it considers competitive forces and uncertainty in the 
market. 

Based strictly on DCF results, the payoff of the project will be 195 
million USD, resulting in a negative NPV of − 38 million USD, this 
negative outcome means that an investment is not attractive. If the de-
cision is based exclusively on the NPV result, then the decision would be 
not to invest. Real options analysis provides an additional value of 33 
million USD, considering a net present value of − 138 million USD, the 
added value with real options analysis is 171 million USD. The same 
analysis was made for a 10-year investment as shown in the supple-
mentary material, if the same investment is screened to 10 years, NPV 
based on the DCF method is − 89 million, ROA analysis gives an added 
value of 105 million. 

5. Discussion 

Waste valorization is a crucial component that the mining industry 
must do to shift from a linear economy to a circular economy (Khaldoun 
et al., 2016; Kinnunen and Kaksonen, 2019). There are different ap-
proaches to mine tailings valorization, e.g., the simplest and traditional 
one is to recover water or to decrease water usage in the tailing stage. 
Other strategies consist of recovering metals from mine tailings or using 
mine tailings as a construction material (Ahmari and Zhang, 2012; Lam 
et al., 2020b). 

The cyclic nature of the supply and demand for specific metals whose 
production is extremely concentrated in geographic terms and 
controlled, and where society cannot solely rely on ore mining (Kirch-
herr et al., 2017) makes sticking to circular economy principles, such as 
effective recycling and processing of secondary sources, a must (Tunsu 
et al., 2019). Mine tailings are now seen as a potential source of several 
metals and minerals (Binnemans et al., 2015; Tunsu et al., 2019). The 
valorization of mine tailings is at an early stage of research; there is a 
lack of technology that would enable transferring knowledge from the 
laboratory scale to an industrial level (Kinnunen and Kaksonen, 2019). 

Economic gains from the recovery of CRMs come with the added 
benefits of reducing the volume of mine waste. Additional benefits can 
be achieved if, as a result of the processing of mine tailings, these can be 
chemically and physically stabilized, reducing the costs of mine closure 
by decreasing environmental impact and health consequences. A sig-
nificant advantage is to recover water for mining reuse from mine tail-
ings while reducing its reliance on seawater (Cisternas and Gálvez, 
2018; Ramírez et al., 2017). Another essential factor is decreasing en-
ergy consumption and greenhouse gas emissions involved in pumping 
seawater to high altitudes for hyperarid locations, where mining com-
panies are located (Araya et al., 2018; Ramírez et al., 2019). It is also 
essential to notice that obtaining CRMs from mine tailings reduces the 
processing of comminution stages (Falagán et al., 2017), minimizing 
energy consumption and greenhouse gas emissions. Notably, green-
house gas emissions can vary for every CRM, e.g., in the case of phos-
phorus the greenhouse gas emissions rise gradually in the mining phase 
and increase exponentially in the recycling stage (Rahimpour Golroud-
bary et al., 2019b); in the case of niobium, mining represents 21% of 
greenhouse gas emissions, 72% are generated in the production stage 
and recycling from scrap accounts for only 7% (Rahimpour Golroudbary 
et al., 2019c); on the other hand, recycling of lithium from lithium-ion 

batteries generates greenhouse gas emissions by 16–20% higher than 
its primary production (Rahimpour Golroudbary et al., 2019a). 

The results show that tailing storage facilities of copper mines in 
Chile contain significant quantities of CRMs and, depending on the 
price, some of them could be extracted. Therefore, the early evaluation 
of the project’s profitability and feasibility to recover CRMs from mine 
tailings help in finding alternatives, and considering the flexibility given 
by real options, even to postpone the investment until the technology 
development allows to re-process the tailings. Additionally, it represents 
a secondary source of CRMs, decreasing the dependence on reserve 
extraction (El Wali et al., 2019). 

The analysis made on the in-situ value of TSFs of active tailings of 
northern Chile shows that they contain considerable quantities of 
several critical metals such as REEs, vanadium, cobalt, silicon metal and 
scandium. The advantages of mine tailings re-processing include the 
recovery of desirable metals in one location, ensuring land reclamation, 
reduction of landfill areas, diminishing the concentration of harmful 
compounds, and no need to open new mines (Binnemans et al., 2013; 
Farjana et al., 2019; Ganguli and Cook, 2018). 

Since mine tailings have been already part-processed, by comminu-
tion, the costs, both CAPEX and OPEX, of extracting metals from tailings 
could be attractive in comparison to the development of a new project, 
based on primary ores (Falagán et al., 2017). Moreover, the use of sec-
ondary sources could help mitigate the depletion of natural resources 
(Alwaeli, 2011a). For the data used, the result of the DCF method is a 
negative outcome of the NPV which suggests that the investment should 
not be considered at the moment. The results of the sensitivity and un-
certainty analysis show that CAPEX has a greater influence than the 
other studied variables. Therefore, it is justified to develop processes and 
technologies that enable lower capital expenses. If time is a variable in 
an investment project, then time and CAPEX are both variables with 
greater influence. It can also happen that the cost of secondary materials 
is lower, but the cost of processing is higher because of additional 
treatments or due to lower capacity (Alwaeli, 2011b). 

ROA brings in additional value, so decision-makers can explore al-
ternatives while waiting to invest or decide to abandon a project. While 
waiting for the uncertainty to clear off, to re-estimate the project payoff 
(Arnold, 2014; Kodukula and Papudesu, 2006). If the payoff continues to 
be unfavorable, the decision may be to keep waiting; otherwise, if the 
conditions to invest in scandium production from mine tailings are 
favorable with a high expected payoff, the decision would be to invest. 
ROA calculations are a supplement to traditional valuation methods 
such as DCF based NPV (Brandão and Dyer, 2005; Kodukula and Pap-
udesu, 2006). 

ROA is usually framed in shorter periods than the ones used for long 
term investments (Kodukula and Papudesu, 2006), in this study five and 
ten-year time horizons were used to frame the project; for both periods, 
NPV is negative, but if the uncertainty clears out, the project may be 
feasible. Framing the investment in a longer period, such as ten years, 
but not as long as twenty years, allows decision-makers to wait to invest 
in a project when investment can be regained. 

The methodology presented in this study was validated using copper 
tailings of northern Chile as a case study. The geochemical content of 
tailings may vary from one geographical area to another depending on 
the type of mineral deposits. In consequence, the content of the valuable 
elements will be different depending on the mine tailing analyzed. The 
geochemical results of mine tailings analysis are essential to perform 
profitability analysis of their re-processing. 

On the limitations of the study, it considers only the economic aspect 
of valorization of the project to obtain CRMs from mine tailings. How-
ever, it should be mentioned that the valorization of tailings may be 
profitable in most cases if environmental, social and safety factors are 
considered, e.g. chemical and physical stabilization, land reclamation, 
social license to operate. As was previously stated by Kinnunen and 
Kaksonen (2019) technology development is still much needed to add 
value to mine tailings. Therefore, a multidisciplinary approach is 
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imperative to develop projects based on re-processing mine tailings. 
Future research should include the assessment of the environmental 
impact of the re-processing of mine tailings, as they can contain heavy 
metals that could be scattered during the process. Some tailings deposits 
in Chile need urgent intervention due to the presence of one or more 
heavy metals (Lam et al., 2020a). Because, at the moment, the economic 
assessment does not justify the recovery of CRMs, a comprehensive so-
lution to the problem of tailings should be applied. The valorization of 
tailings could include not only recovering of valuable elements, but also 
carbon capture from tailings, as it has been suggested in some studies 
(Azadi et al., 2019; Li et al., 2018), and use of tailings as construction 
material (Lam et al., 2020b; Solismaa et al., 2018). 

6. Conclusions 

Mine tailings need to be adequately stored; otherwise, they can lead 
to massive catastrophes that can affect human settlements and the 
ecosystem inflicting irreparable damage. Proper mine tailings manage-
ment includes their chemical and physical stabilization; however, 
resource recovery can also add profitability to the last stage of mine 
closure. Moreover, the re-processing of wastes contributes to limiting 
the number of new mining projects based on virgin resources, which 
usually have a considerable environmental impact. The assessment of 
the economic potential of wastes is a crucial activity facilitating the 
implementation of the circular economy principles. 

The mine tailings deposits have usually lower concentrations of 
CRMs than ore mines. However, the mine tailings are an attractive 
alternative for exploitation as they are stored in deposits with large 
volumes and hence, having a considerable potential for the production 
of CRMs. The additional factor is the fact that tailings have been already 
pre-processed, e.g. in comminution processes. The case study features 
Chilean copper mine tailings, to analyze the ones with significant vol-
ume among the 740 tailing storage facilities present in the country. Mine 
tailings deposits that are currently active were analyzed, using 
geochemical content information provided by The National Service of 
Geology and Mining (SERNAGEOMIN). These deposits contain impor-
tant quantities of rare earths elements, cobalt, vanadium, silicon, and 
barium. Therefore, these copper mine tailings could have substantial 
economic potential as secondary sources to obtain CRMs. It is well- 
known that some CRMs are more economically attractive than others, 
due to their high market price. Therefore, the demand, supply risk and 
economic importance of each CRM should be considered when 
analyzing the profitability of mine tailings re-processing. 

In this study, a novel approach to assess the profitability of mine 
tailings to obtain CRM is introduced. A framework that includes ROA, 
sensitivity and uncertainty analysis is proposed, which allows for adding 
flexibility, contrary to traditional valuations tools. DCF and ROA were 
applied to analyze the feasibility of producing scandium by re- 
processing the tailing deposits featured in the case study. Additionally, 
sensitivity and uncertainty analysis was performed to study the influ-
ence of the price of the commodity, CAPEX, OPEX, and discount rate. 
These evaluations were used as a complement to the DCF and they 
include Monte Carlo simulation of the NPV and the representation of the 
results as boxplot and Sobol’ indices. 

The DCF method showed a negative NPV for investments of 5 and 10 
years. The results of the sensitivity and uncertainty analysis indicate that 
CAPEX has a greater influence on NPV. ROA adds flexibility and the 
possibility, as an alternative, to choose to wait until the uncertainty is 
reduced. Based on the calculations, it is concluded that using a real 
options approach to analyze an investment for the production of CRMs 
from mine tailings is a useful instrument, considering the high un-
certainties in the market and the development of process technology. 

To summarize, the main conclusions of this study are following: 

- One can state that the analyzed mine tailings have substantial eco-
nomic potential to be re-processed to obtain some CRMs. The 

assessment is based on the quantity and actual price of specific 
critical materials.  

- The basic evaluation tool used, DCF, gives a negative value to the 
investment based on re-processing of tailings to obtain scandium.  

- Sensitivity and uncertainty analysis show that CAPEX and time to 
invest, either to invest in year 0 or to wait to invest until year 10, 
have more impact on the outcome of the NPV than OPEX, price, and 
production volume. Therefore, one can conclude that technology 
development is much needed to improve processes and technologies 
of mine tailings re-processing to recover valuable elements.  

- Based on the calculations, it is concluded that using a real options 
approach to analyze an investment for the production of CRMs from 
mine tailings is a useful alternative, considering the uncertainties in 
the market and the development of process technology. 

The novelty of this article relies on including risk and uncertainty in 
the evaluation of re-processing of mine tailings projects. The proposed 
approach enables flexible assessment of investment decisions. When 
traditional methods, such as the DCF method, indicate that a project is 
not economically attractive, a ROA reevaluates the project by consid-
ering options such as wait until the project is economically feasible. The 
option of waiting is an interesting alternative in the case of resource 
valorization of mine tailings. It is due to the lack of technological 
development and economic business models for treating mine tailings as 
a source of CRMs. Therefore, more research on these aspects is still 
needed. 

Mine tailings as a secondary source for obtaining valuable elements 
is still a novel option that needs to be developed on an industrial scale. 
Therefore, there are many opportunities for improvement that may 
eventually lead to the successful valorization of mining waste. A 
multidisciplinary approach is essential to secure the success of re- 
processing of mine tailings to obtain CRMs. 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Water-energy nexus in mine tailings and 
water management is evaluated. 

• Real options approach for choosing al-
ternatives of tailings and water 
management. 

• Cost of water transport to the mine is 
the biggest cost component. 

• Thickened tailings are less energy- 
intensive than conventional ones. 

• Energy has high influence in water reuse 
and recycling for mining sustainability.  

A R T I C L E  I N F O   

Keywords: 
Mine tailings management 
Water-energy nexus 
Mine water management 
Real options 
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A B S T R A C T   

The tailing storage facility is the largest water sink in most mines. An incorrect management of water content in 
mine tailings can become a threat to their stability, and consequently, their environmental safety. Also, water 
reuse and recycling are plausible options to mining companies for reasons pertaining to water scarcity. Dew-
atering technologies for tailings, desalination and water transport are energy intensive. Proper handling of mine 
tailings and water supply management can considerably improve the water-energy nexus. This article evaluates 
the water-energy nexus in copper mining companies using a water reduction model focused on mine tailing 
facilities and water supply to the mine site to find the trade-offs between water and energy. The originality of this 
work consists in the application of a real options approach, enabling to increase the flexibility of decision-making 
thanks to quantitative analysis. This approach deploys the Monte Carlo simulation to perform sensitivity and 
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uncertainty analysis to evaluate every cost component of water management strategy. Results show that if 
seawater is the primary source of raw water to the mining plant, water transport represents the largest cost due to 
the use of energy. So, improving the reuse of water by using dewatering technologies will improve the water- 
energy nexus, by improving energy consumption. Even though the costs of these technologies are elevated 
because they are energy-intensive, reduction of water use requirements in the mine will reduce the cost of its 
treatment and transport.   

1. Introduction 

Water and energy are essential for the well-being of society. Mining 
is both water and energy-intensive in its processes. In Chile, the mining 
industry represents between 2 and 4.5% of the national water demand 
[1]. Nevertheless, if mines are located in places suffering from water 
scarcity, water use can impact the local supply. Besides, mining is a 
particular case due to the following characteristics: high revenues, 
excess discharge of water, social and environmental performance, water 
efficiency, and alternative energy sources [2]. Water consumption by 
the mining industry has increased. In Chile, the copper mining industry 
consumed 17.35 m3/s of water in 2018 [3], 13.36 m3/s of raw water, 
and 3.99 m3/s of seawater; back, in 2012 the sector consumed 13.4 m3/s 
of water. The decrease in ore grades is one reason why the mining in-
dustry has increased its water and energy consumption. 

The biggest water sink in a mineral processing plant is the tailing 
facility [4]. Mine tailings are waste obtained after mineral ore process-
ing to obtain element(s) of interest. They are a mixture of ground rocks 
with process effluents generated in the processing plant. Their compo-
sition depends on the nature of the rock being mined and the recovery 
process. Mine tailings disposal methods include cross valley or hillside 
dams, raised embankments/impoundments, dry-stacking of thickened 
tailings on land, backfilling into abandoned open-pit mines or under-
ground mines, and direct disposal into rivers, lakes, and the ocean 
(ocean surface and submarine tailings disposal) [5]. 

Production in lower grade ore mines will be growing, generating 
larger amounts of mine tailings and, by extension, pressing for the 
development of a comprehensive framework for mine tailings manage-
ment [6] that would include adequate water and energy sustainable 
management. Significant water savings can be achieved by reducing the 
available wet and open water area, which can be done by carefully 
managing the placement of the tailings [7,8]. 

Mining operations are both energy and water-intensive. If all the 
water supply relies on seawater, water must be treated and transported 
to the mine site, which leads to high energy consumption. Considering 
that the biggest water sink on the mine site is the tailings facility, water 
from tailings can be recovered to diminish the dependence on freshwater 
sources. Dewatering technologies, such as thickened tailings, paste 
tailings, and filtered tailings, allow water recovery from the tailings 
facility. However, they are more expensive than conventional tailing 
disposal because they are energy-intensive. Though, from the security 
perspective, reducing water content in mine tailings will improve their 
stability, lessen future environmental disasters, and lower the storage 
volume. 

1.1. Article’s aim 

Mining exerts a local impact on water resources. If mining companies 
are located in an area suffering from water scarcity, water needs to be 
transported over long distances, and in some cases, to high altitudes 
above sea level. Proper mine tailings management can optimize the use 
of water, as well as the use of energy. This article aims to evaluate the 
water-energy nexus (WEN) in copper mining plants, focusing on tailings 
facilities to find out about the trade-offs between water and energy and 
propose a framework for sustainable mine tailings management. 

This article aims to answer the following research questions:  

• What is the relationship between water and energy in the copper 
mining industry for different tailing disposal methods?  

• How can WEN be improved by using a real options approach?  
• In which scenarios can WEN be improved? 

A novel approach consisting in the use of real options is introduced to 
study the relationship between water supply and dewatering technolo-
gies and the economic output of every option. A real options approach 
(ROA) consists in offering the choices that company management can 
take in order to expand, change or delate investments based on eco-
nomic, technical, or market conditions. In this study, ROA is used to 
reduce the risk of mining investments thanks to quantitative analysis of 
responses to unexpected market developments. The existing methods of 
managerial evaluation allow optimizing the decisions under the known 
level of available capital resources and existing investment alternatives. 
The technique used in this work provides for considering the financial 
value and the role of timing of decisions. It permits for better assessment 
of uncertainty and, in consequence, often identifies it as a source of 
additional value. 

1.2. Water-energy nexus in mining 

Saving water and energy has become one of the most important 
premises of global sustainable development. Nowadays, water and en-
ergy are interdependent and mutually reinforcing factors. Research has 
been conducted to explore the interlinks between water and energy, 
known as WEN [9,10]. WEN is the relationship between water used to 
produce energy, electricity and fuel sources, and energy consumed in the 
process of water purification, extraction, cooling, treatment, disposal, 
etc. Considering WEN in the planning, design, and operation of a water 
supply system ensures its sustainability, conserves energy and minimizes 
related greenhouse gas (GHG) emissions [11], which is imperative in 
mining since it is an carbon intensive sector [12]. This study focuses on 
the interlink between energy and water at a regional level where energy 
is used to produce, clean, treat, and distribute water in mineral pro-
cessing plants. 

Water and energy flows are interconnected with different links, and 
the nexus between them can be of different nature. WEN can be found in 
production, transportation, and consumption. The heart of the nexus 
may have several dimensions such as environmental, economic, tech-
nological, and social [13]. Various issues need to be addressed, such as 
water and energy allocation, capacity extension, planning for power 
plants, and environmental impacts, to manage the WEN [14]. Despite 
the interdependencies between water and energy flows, policies that 
consider them are rarely integrated [15]. 

Tsolas and coauthors introduced a network perspective that con-
siders the interactions between energy and water within a generalized 
WEN by providing a method to design and optimize WEN using graph 
theory-based network representation and a novel WEN diagram. This 
approach considered the interactions between water and energy 
simultaneously, and it was noted that depending on the objective, the 
results could be significantly different [16]. As water and energy have an 
essential role in economic development, a network-based framework for 
the risk of scarcity of both water and energy, and the nexus between 
them was developed by Liu and coauthors [17]. 

Mining operations are both water and energy-intensive, and water 
demand has increased due to the decrease of grade in new ores [18]. 
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According to Pimentel-Hunt [19] factors such as lower grade, greater 
haulage, distance, and technological change have made copper mining 
more energy-intensive. Nguyen and coworkers [20] presented a protocol 
to recognize water-energy synergy and trade-off potentials in water 
management in mining processes. They concluded that most water 
management options in mining have trade-off potentials, and few op-
tions will have synergy between water and energy. 

1.3. Chilean political energy strategy and GHG emissions contexts 

As a small country, Chile releases 0.3% of the global GHG emissions, 
with a high potential to increase its current energy capacity 70 times as 
the country enjoys the highest solar radiation on Earth and strong and 
constant winds [21]. In 2019 Chile produced 81,195 GWh, where 32.6 
% came from coal, 3.7% from oil, 18.6% form natural gas, 5.4% from 
biofuels, 25.7% from hydro, 5.9% from wind, 7.8% from solar PV, and 
0.2% from geothermal sources [22]. In 2018 32.3 gCO2/MJ was the 
carbon intensity of energy consumption by industry where the industry 
consumed 60.4% of the energy, 1.6% of energy was consumed by 
transport, 18.4% went for residential purposes, 16.2% was consumed by 
the commercial sector, 0.2% by fishing, and 3.3% by agriculture and 
forestry [22]. 

In September 2015, Chile undertook to reduce its CO2 emissions per 
unit of GDP by 30% by 2030 compared to the level reached in 2007. This 
goal is conditional on obtaining financial support from the international 
community. The country commits to increasing its reduction of CO2 
emissions per unit of GDP by 2030 until reaching a reduction between 
35% and 45% compared to the level reached in 2007, considering, at the 
same time, future economic growth that will allow it to implement the 
appropriate measures to achieve this commitment [23]. The difficulties 
that emerged over time have produced changes to the priorities of the 
country’s policy. The crisis that affected the electricity sector due to the 
drought and rationing in 1999, as well as the Argentine natural gas crisis 
from 2005, put the security of energy supplies at the top of the policy 
agenda under strict conditions of economic efficiency and acting in line 
with the sustainable development of the country [23]. For the devel-
opment of the methodology for the elaboration of the Energy Policy, 
Energía 2050, the Ministry of Energy decided to adhere to international 
practices in this field presented, among others, in the New Zealand 
Energy Development Strategy, the Energy Policy 2005–2030 of 
Uruguay, the process German Energy Policy, and Australia’ s Green 
Paper and White Paper [23]. 

The World Energy Council develops the Trilemma index to rank 
countries on their ability to provide sustainable energy by ensuring 
energy security, energy equality (accessibility and affordability), and 
environmental sustainability. In 2020 Chile ranked 37th among 108 
countries [24]. Chile has made significant efforts to diversify its energy 
mix and reduce dependence on hydro and fossil fuels by incorporating 
power generation from renewable sources into the system, predomi-
nantly from wind and solar sources. It has been a solution for mitigating 
risks associated with importing other types of fuels from neighboring 
countries [24]. 

The Chilean national government launched its clean hydrogen 
strategy in November 2020, which is crucial for Chile to reach carbon 
neutrality by 2050 [25]. The abundant renewable energy allows the 
country for having the cheapest clean hydrogen production, enabling 
the supply of products and services developed with zero GHG emissions 
and the exports of clean hydrogen, clean ammonia, methanol, and 
synthetic fuels [21]. 

As indicated in the Roadmap 2050 document, the country’s gross 
hydroelectric potential corresponds to approximately 16 GW. Energy 
policy for 2050 offers the opportunity to address hydroelectric devel-
opment in the country, incorporating sustainability and social and 
environmental protection. This policy promotes the advantages that this 
energy source represents for the country, especially the advantages 
related to energy independence, flexibility, adjustment capacity, and 

additional services it provides to the electricity system, favoring the 
incorporation of other renewable sources. Added to all of this are the 
contributions that hydroelectricity can make to reduce greenhouse gases 
[23]. Nuclear power energy has not been included as a short-term op-
tion. It requires studies in critical aspects, such as long-term economic 
viability under different legal and market conditions and the legal and 
institutional adjustments required. These studies must be coordinated 
and commissioned by the Chilean Nuclear Energy Commission and 
conducted by competent national organizations. 

Chile’s energy policy has changed dynamically in recent years. In 
response to the developments in domestic and international environ-
ment, deep institutional and policy reforms and significant infrastruc-
ture projects have been carried out. The national energy policy 2050 was 
adopted in 2015, following an exceptionally inclusive public consulta-
tion. The electricity sector, in particular, has developed fast [22]. Chile 
is a world-class destination for solar and wind energy developers. New 
legislation supports investment in generating capacity across the elec-
tricity sector. The prominent role of the state in energy mix planning has 
helped to boost project development, especially in electricity trans-
mission. Additionally, Chile has a single interconnected national elec-
tricity system [22]. 

Chile’s PV growth is expected to fast-track after 2022. As part of the 
Covid-19 economic recovery efforts, the government has accelerated the 
environmental approvals of 55 solar projects. Furthermore, Chile has 
recently launched a Casa Solar program that supports the development 
of distributed PV projects by allowing community groups to obtain solar 
panels at lower prices and receive state co-financing. Chile is well on 
track to meet its 2025 target of 20% electricity from non-conventional 
renewable sources [26]. One of the latest example to embrace the zero 
emission generation of energy is the commissioning of Chile’s Cerro 
Dominador plant with 110 MW and 17.5 h of molten salt storage, the 
largest in Latin America [27], allowed to carry out the Likana project in 
Chile, which the Cerro Dominador group acquired in 2019. The group 
plans to offer a 450 MW concentrated solar capacity project in a power 
auction in Chile in 2021 [26]. 

1.4. Water management in mining 

As a notoriously water-intensive activity, the mining industry often 
infringes other forms of water use, and the negative impacts occur at a 
local level [28]. Mining consumes large amounts of water to process 
mineral ore. Water is pumped and sometimes treated to be used along 
the process [29]. To separate the non-valuable minerals from the ore, 
wet processes, such as flotation, which uses large quantities of water, are 
often used; 70% of the freshwater used in copper mining in Chile is used 
in the concentration plant where the flotation process takes place [30]. 
Nowadays, modern mines reuse or recycle water. In Chilean copper 
mining, the average total recirculation of water is 74% [30]. 

As mine sites are usually located in arid zones suffering from water 
scarcity, their water demand can be fulfilled with a combination of 
different sources of water, such as groundwater, seawater, freshwater, 
and recycled water. Transporting seawater to the mine sites is cost- 
intensive due to the costs of desalination, treatment, and transport of 
water [31], which involves pumping it over long distances to mine sites 
located up to 4000 m above the sea level [32], demanding for a large 
amount of energy [33]. Increasing water recovery in the mine site has a 
significant effect on reducing the cost of supplying water to the mine 
[34]. 

The use of desalinated seawater has increased due to the over-
exploitation of water resources in hyper-arid, arid, and semi-arid places 
where mine plants are usually located [35]. Desalination is still 
perceived as an expensive and environmentally damaging solution [36]. 
However, the adverse effects of desalination can be mitigated by carbon- 
neutrality achieved by using renewable energy. Environmental issues 
associated with brine disposal can be managed, at a local scale, by an 
appropriate design of outfalls minimizing its impact through dilution 
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[36]. Desalination costs have declined over the past decades, thanks to 
increased plant capacity, higher permeation rates, and improvement of 
membrane materials [37]. However, achieving further cost reductions is 
quite challenging despite the continuous enhancements in membrane 
and energy recovery technologies [38]. Between 1977 and 2015, the 
capital costs of seawater desalination plants decreased with a learning 
rate of about 15% [39], which means the capital cost is reduced by 15% 
when the cumulative capacity has increased twice. 

The cost of water treatment can be associated with GHG emissions as 
energy consumption and CO2 emissions per unit of water, often referred 
to as energy and carbon intensity [40]. There is a gap in studies assessing 
energy use and GHG emissions in the water sector partially due to the 
absence of clearly defined boundaries [41]. Therefore, some studies 
strategical define their boundaries to assess GHG emissions’ water 
treatment due to its intrinsic relationship with the energy generation 
mix [33]. 

Due to water scarcity in arid and semi-arid regions, there is growing 
interest in non-conventional water resources as a new alternative [42]. 
Partial desalination has been proposed to reduce cost, instead of desa-
lination using the reverse osmosis process, as a treatment for seawater to 
remove only the elements that cause problems in industrial processes 
[35]. Some mining plants are currently using seawater that is partially 
desalinated or not treated at all. However, we need to bear in mind that 
these options may cause operational problems [43]. 

Several efforts to quantify water and energy in mining processes have 
been undertaken to reduce the consumption of these resources or 
improve the efficiency of mining processes. A mine water reduction 
model was introduced by Gunson and coauthors [1] to improve the mine 
water system performance in a copper mine plant by comparing sce-
narios of water reduction with the base scenario that does not consider 
water savings. Scenarios include tailings dewatering technologies, and 
water conservation options. Afterward, Aitken and coauthors [44] 
applied a cost-benefit analysis to the options analyzed by Gunson et al. 
[1], finding out that elevation is in some cases low, under 1600 m, 
thickened tailings with the use of raw water is the most effective solu-
tion. In comparison, for heights exceeding 1600 m, the most effective 
solution is the use of filtered tailings. An approach to minimize the en-
ergy consumption of water mine processes is called the mine water 
network design method, developed by Gunson et al. [45]. This strategy 
describes all water sources and water consumers to put together energy 
requirement matrices and use linear programming to minimize energy 
consumption. 

1.5. Mine tailings management 

The purpose of the mine tailing management approach is to protect 
humans and the environment from risks associated with mine tailings. 
Mine tailings management is crucial in mining operations because of the 
irreversible impacts of mine tailings [6]. Mine tailings storage leaves a 
significant environmental, temporal, and space footprint, and for its 
physical and chemical stability, we need to strive to decrease acid mine 
drainage risk [6]. As tailings contain a multitude of various contami-
nants, the integrity of these impoundments is a significant issue of global 
environmental concern [46]. One of the environmental issues related to 
mine tailings is acid mine drainage [47] which occurs due to the content 
of sulfide minerals in mine tailings when they are in contact with oxygen 
and water [48]. 

Inadequate storage of mine tailings may lead to catastrophic conse-
quences. Errors made in the storage and management of mine tailings 
are the largest source of severe effects experienced globally by the public 
[49]. Water has a significant role to play in determining tailing’s 
behavior. Therefore, water recovery from tailings impoundments is a 
common strategy to reuse water and reduce tailings dam risks, especially 
in places with water scarcity [50]. In the case of coal mining, the trade- 
offs between water and energy in mine tailings include both the 
pumping of tailings and the technology used for dewatering tailings 

[51]. Most mines still use the conventional method for tailings disposal, 
consisting in transporting mine tailings slurry through pipes to a tailing 
storage facility or a tailing dam. A typical tailing storage facility includes 
a dam, a beach produced by the discharge of tailings slurry, and fine 
sand to silt and clay slimes farthest from the dam in a layer sufficiently 
impermeable to maintain an overlying pond [52]. This method requires 
a high percentage of water, approximately 70%, but it is chosen because 
it is cost-effective [6]. Thickened tailings (TT) and filtered tailings (FT) 
reduce the water content of tailings but are considered energy-intensive, 
hence more expensive. Nevertheless, the implementation of these 
technologies would reduce the costs of mine closure [53,54]. Various 
studies indicate that emerging technologies, such as TT and FT, repre-
sent a breakthrough in the mining industry as they rely much more 
heavily on recycled water and reduce freshwater consumption [55]. 
Other benefits of TT and FT, compared to conventional tailing disposal, 
are a lower footprint, reduced potential of acid mine drainage, reduced 
risk of potential dam failure, and higher reagent recovery [56]. 

Pumping tailings to the storage facility is also energy-intensive; it 
depends on the solid content since the tailing slurry can only be pumped 
until a certain percentage of solids. Rheology analyses are needed to 
determine if the tailings can be transported. The yield stress is a 
parameter that indicates the point at which a material begins to deform 
plastically. Tailings with high solid content (65 and 70% mass solids) 
have very high yield stress which means they are difficult to pump. 
Higher mass solids need to be transported by other means, such as using 
a filter press [51]. 

1.6. Real options approach 

The costs of putting technology in place can be broken down into 
capital expenditure (CAPEX) and operational expenditure (OPEX), 
which depend mainly on the pump type, energy consumption, and the 
chemicals used [6]. A new mining project is based on many uncertain 
inputs, such as production costs, price of materials, and supplies. The 
analysis and modeling of uncertainty enhance the ability to make 
appropriate decisions [57]. Water management strategies, such as the 
use of desalinated seawater, include costs associated with water treat-
ment and its transport. Desalinated water must be transported over long 
distances to the mine sites as they are usually located far away from the 
coast. ROA can evaluate each cost component of different water man-
agement strategies to then analyze the WEN of the proposed methods. 

In the project valuation field, a real option is a right, not an obliga-
tion, to take any action on an underlying nonfinancial asset, referred to 
as a real asset [58]. That action can consist of, for example, abandoning 
or expanding a project or even deferring a decision for some time. Such 
actions cannot be considered in the traditional discounted cash flow 
method due to its static nature with a one-off decision-making process. 
In contrast, ROA considers the strategic management options that may 
arise for specific projects and the flexibility in exercising or abandoning 
these options [59]. Real options have been used recently in different 
fields to assess investments surrounded by uncertainty to provide the 
flexibility that traditional valuation methods cannot offer. Applications 
of ROA can be found in several mining investment studies [60]. ROA can 
be used to model the profitability of new metal mining investments [61], 
forecasting uncertainties in mining projects [62], and reduce the un-
certainty due to commodity price, as well as to give operational flexi-
bility [63]. 

There are applications of ROA in research related to the energy 
sector. ROA was used to analyze the uncertainty of CO2 sequestration in 
depleted shale-gas [64]. A methodological approach that integrated 
ROA into multicriteria analysis was developed to assess energy firms 
[65]. A real options model using system dynamics was built to optimize 
financial subsidies for renewable energy technologies [66]. The photo-
voltaic power generation under carbon market linkage has been 
analyzed with ROA to consider uncertainties such as investment costs, 
electricity prices, carbon prices, and subsidy payments [67]. ROA was 
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used to analyze the impacts of government subsidy on the investment 
decision of full-chain carbon capture utilization and storage projects 
[68]. ROA was used to analyze the economic feasibility of waste-to- 
energy projects; this approach considers options such as waiting and 
the optimal timing of switching technologies [69]. A model that aims to 
enhance the flexibility in gas-fired power plants with an approach of real 
options helped assess the future profitability of power plants and sup-
port the decision-making process regarding the operation of power 
plants [70]. 

ROA supplements traditional tools used to assess investment projects 
[58]. In this article, ROA is used to assess the uncertainties inherent in 
the costs of implementing different options and analyzed scenarios. 
Monte Carlo is applied to perform an uncertainty analysis and the esti-
mation of Sobol’ indices is used to perform global sensitivity analysis. 

Sensitivity analysis and uncertainty analysis are often used together 
to ensure the quality of the model and the transparency of the decision- 
making processes [71]. Sensitivity analysis examines the response of an 
output variable to variations of input variables [72]. It explores and 
quantifies the impact of possible errors in the input data in predicted 
model outputs [73]. Instead, uncertainty analysis assesses the effect of 
ambiguous values of parameters on the output results [74]. Sensitivity 
and uncertainty analyses can be used as complementary to valuation 
tools to study the impact of inputs in investment projects. 

Monte Carlo simulation is widely used to perform uncertainty and 
sensitivity analyses [75], and is a method that consists of a thousand 
possible scenarios and can be used as a valuation tool to calculate the net 
present value of a project for each scenario and analyze probability 
distribution of the net present value result [58], it can also be used for 
risk analysis by modelling the probability of different outcomes of the 
process. This simulation approach is relatively simple, each random 
variable in a process is sampled several times to represent the underlying 
probabilistic characteristics [75]. It can also be complemented with 
other statistical tools to study the probability distribution of a function 
according to different parameters. 

2. Methodology 

2.1. Water reduction model 

Strategies pursued to reduce the amount of water used in a mineral 

processing plant deploy the water reduction model introduced by 
Gunson et al. [1] to estimate the raw water requirement for the mine 
site. These strategies are technologies for dewatering tailings and op-
tions for water supply to a large mine plant that produces fine copper. 
They include technologies such as traditional disposal of tailings, in 
which tailings contain 35% of solids and the rest is water; TT and FT are 
considered to reduce water content in tailings. Due to the scarcity of 
groundwater or water from lakes, mine sites can be supplied only from 
the sea. A combination of water supply is also considered since some 
treatment procedures for seawater give water of a higher quality that 
might be required for processes like flotation. In contrast, lower quality 
water can be used in other processes. The higher quality water corre-
sponds to seawater desalinated using the reverse osmosis process, and 
the lower quality corresponds to seawater that is partially desalinated 
using filtration or precipitation with lime. 

2.2. Real options approach 

A ROA approach is used to assess the cost of each option by analyzing 
every cost component, which includes the costs of the technologies used 
for water and tailings management. The annual cost of each strategy is 
calculated considering a 20-year project life. The uncertainties in the 
cost of CAPEX and OPEX are considered in all the options assessed as 
these costs are subject to change. OPEX includes the cost of electricity 
and materials for operating different technologies. CAPEX and OPEX 
have uncertainties connected to the price of electricity and water for the 
implemented technologies. The price of copper is also an uncertainty 
considered in the revenues of the process. The system is shown in Fig. 1, 
which illustrates its boundaries. 

2.3. Uncertainty and sensibility analysis using Monte Carlo 

The application of ROA consists in applying Monte Carlo simulation 
to perform uncertainty analysis and calculate the Sobol’ indices as a 
global sensitivity analysis. Sobol’ indices or Sobol’ method is a variance- 
based sensitivity analysis, a form of global sensitivity analysis [76]. The 
analysis is completed using RStudio, an open-source software. The 
function of the annual cost is analyzed; its components are the CAPEX 
and OPEX of the different technologies included in each strategy, such as 
tailings dewatering technology, water treatment of water supplied to the 

Fig. 1. Simplified scheme of every option of tailings management and water treatment considered in the study.  
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mine, and the transport of water from the water treatment plant located 
on the coast to the mine site. 

2.4. Energy consumption and GHG emissions 

Energy consumption of each dewatering technology for tailings is 
calculated and compared to the water reclaimed by each technology, 
additionally water supply and treatment for water management is 
calculated. Energy consumption involved in pumping the water from the 
water treatment plant to the mine site can be estimated from a basic 
theoretical physical relationship represented by Equation (1) [41]: 

Energy consumption(kW h) =
9.8

(
m
s2

)
*lift(m)*mass(kg)

3.6*106*efficiency(%)
(1) 

GHG emissions are calculated to determine the environmental 
impact of the different sources of energy deployed in the generation of 
electricity used by the technologies involved in tailings disposal, water 
treatment, and water transport To calculate the GHG emissions, the CO2 
equivalent emissions were determined for different percentage share of 
energy sources; the energy mix can be powered by different sources like 
coal, oil, hydroelectrical, natural gas, Photo Voltaic, wind, biofuel, 
geothermal, nuclear, among others. CO2 emissions vary within a certain 
range for every energy source; hence three cases of CO2 emissions were 
used, minimum, median, and maximum. Therefore, CO2 equivalent 
emissions were estimated for every option under study. The data were 
obtained using secondary sources from the International Energy Agency 
[22] and the World Nuclear Association [77], and the calculation is 
presented in the Appendix A. 

In general terms, the methodology can be described by the following 
stages:  

– Determination of the boundaries of the studied system. It includes 
the selection of the dewatering technologies, types of water, size of 
mine, project lifespan, energy mix, among others.  

– Modelling the amount of water used in the system under study using 
a water reduction model.  

– Calculating CAPEX and OPEX for different options.  
– Application of a ROA approach, implementation of sensitivity and 

uncertainty analysis for every option.  
– Calculating energy consumption and GHG emissions for the options 

assessed. 

3. Case study 

Chile’s Geochemical and mineralogical characteristics have made 
mining one of the main economic activities in the country. Chile is the 
leading world producer of copper, whose production in 2018 reached 
5872 K tons of copper, which corresponds to 28.3% of the world’s 
production [78]. Furthermore, Chile is the second world producer of 
molybdenum, with 60,248 tons produced in 2018 [78]; molybdenum is 
a by-product of copper mining. Most of these mining activities have 
developed in the Atacama Desert, the driest non-polar desert on earth, 
and it extends all over the northern parts of Chile. 

The Atacama Desert is an area where demand for water has been 

growing due to the water scarcity that this area suffers from. Desalina-
tion is seen as the best option to meet the water demand. Hence, the 
Chilean government has proposed new policies to promote desalination 
processes in different sectors; moreover, Chile has got the largest desa-
lination system in South America [43]. 

Methods used in Chile to store mine tailings are conventional tailings 
stored in tailing dams, TT, FT, and paste tailings [79], being tailing 
dams, the most common type of tailing storage facility in the country. By 
2015, approximately 70% of tailing storage facilities were dams con-
structed using cyclone sand tailings, 7% by earth fill or rock fill, and 3%, 
by FT, paste, or TT, for the remaining 20%, no information is available 
[80]. 

The developed framework was applied to a case study of a large mine 
plant. It resembles an actual open pit mine operation in the Antofagasta 
Region, an area located in the Atacama Desert, Northern Chile, that 
hosts several mining operations of the copper industry. The mine site 
uses water supplied from a water treatment plant located on the coast. In 
this study, we assumed that the demand for water represented by the 
mine must be fulfilled with seawater since freshwater is not available 
due to the water scarcity in the nearby areas. 

At the mine site, copper is recovered by flotation, which is the sep-
aration process that generates mine tailings. The water reduction model 
was used to calculate the raw water requirement for each scenario, 
including tailings dewatering technologies. The mine site covered by the 
study has the same feed and grade as the Escondida mine, which is the 
world’s largest copper mine, located in the Antofagasta Region. Data on 
the main water streams of Escondida Mine were obtained from reports of 
the company [81]. Escondida mine produced 906.8 ktpa of payable 
copper in 2019 [82]. Copper price of 2.60 US$/lb is considered, which is 
the price of copper in 2019 used in the BHP report [82]. Table 1 includes 
the main values of parameters of the case study used to estimate 
different outcomes with the water reduction model. 

Process water requirement refers to the water flow used in the 
mineral processing plant. Raw water requirement refers to the water 
flow input, which is equal to water losses in the process, which can also 
be called consumption water or withdrawal. Recycled water refers to the 
water used in the process and can be recycled to be used again. Mine 
process operations are considered a black box, as shown in the different 
figures. The different dewatering scenarios lead to different water con-
tent in tailings which implies a reduction in the raw water requirement 
of the mine site. The surplus water, i.e., the overflow water of tailings 
that will not be used inside the mine plant, is available for other uses 
outside the plant. 

4. Results 

Water management strategies within the framework are applied to 
different scenarios to analyze the impact of each alternative. When 
scenario 1 is a base case, no water-saving approach is used because 
tailings go through a traditional tailing dewatering method and disposal. 
Scenario 2 considers the strategy of TT technology to enhance the 
dewatering of tailings. Scenario 3 uses filtering tailings as a dewatering 
technology for tailings disposal. CAPEX and OPEX of tailings dewatering 
technologies were obtained by scaling the equipment costs stated in the 
Ajax Project Report [83]. The costs of equipment were scaled using the 
0.6 rule [84]. For the feed considered, the costs of conventional tailings 
disposal are: CAPEX of 669 M US$ and OPEX of 369 M US$; for TT, 
CAPEX is 678 M US$ and OPEX is 396 M US$; and FT has a CAPEX of 
1,326 M US$ and OPEX of 1,290 M US$. The same report was used to 
estimate energy consumption of each tailings management technology, 
however, the numbers were adapted to the case study presented here. 

Mining companies can take seawater from the coast and transfer it to 
their locations, subjecting it to different treatment processes dictated by 
their specific requirements. In this case study, water treatment options 
include seawater partially desalinated with filtration, seawater precip-
itated with lime, and desalinated water with reverse osmosis, as 

Table 1 
Major parameters of the mineral processing plant described in the case 
study.  

Parameters Mine site 

Feed (tpd) 405,712 
Grade (%) 0.86 
Process water requirement (m3/d) 567,151 
Water recycled (m3/d) 106,274 
Recycled water (%) 0.187 
Raw water requirement (m3/d) 473,288  
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considered by Aitken et al. [44]; these options replace the raw water 
requirement of the mine site. Additionally, a combination of water 
supply sources was considered since some operations require water of 
higher quality, which is relatively expensive. Therefore, water supply 
options consist of 50% of water desalinated with reverse osmosis pro-
cess, and 50% of filtered seawater or 50% of seawater desalinated with 
reverse osmosis and 50% of seawater precipitated with lime are also 
considered. Water desalinated with reverse osmosis is designated as 
having higher quality, while filtered seawater and seawater precipitated 
with lime is of lower quality. 

The annualized cost, which included both capital and operating ex-
penses, of using seawater partially desalinated with filtration, which is 
option 1, and using seawater precipitated with lime, option 2, were 
taken from Aitken et al. [44]. The costs of filtration can be broken down 
into CAPEX (0.23 US$/m3) and OPEX (0.07 US$/m3), and for precipi-
tation with lime, 0.35 US$/m3 for CAPEX and 0.13 US$/m3 for OPEX. 

For option 3, in which seawater desalinated with reverse osmosis is 
used, the annualized cost of a reverse osmosis plant was taken from 
Herrera-León et al. [31] and it amounts to 1.6 US$/m3. The cost of the 
water supply system, i.e., pipelines and the pumping system to carry the 
water from the coast up to the mine sites, was calculated from the model 
validation performed by Herrera-León et al. [31] and it amounts to 3.04 
US$/m3. 

Each scenario of tailings dewatering technology can be combined 
with water supply options 1, 2, and 3. These options are meant to meet 
the plant’s water requirement with seawater treated using different 
methods described in the options above. For the mine site, calculations 
were made for the three scenarios combined with each option of water 
supply. The results are presented in Table 2. FT has been found out to be 
the most effective technology for tailings dewatering because it 
dramatically reduced the raw water requirement from 473,288 m3/d to 
313,046 m3/d, which is a 33.86% reduction of the water requirement. In 
the case of TT, the water requirement is reduced to 406,436 m3/d, which 
is 14.14% less. 

Table 3 contains the costs for each combination of scenarios and 
options. The most economical water supply system for a mine is using 
filtered seawater, followed by a solution using water precipitated with 
lime. However, water quality for these two options is low, which is why 
we considered a combination of 50–50% of water desalinated with 
reverse osmosis, and filtered seawater and 50–50% of water desalinated 
with reverse osmosis and seawater precipitated with lime, more detailed 
results are included in the Appendix A. 

On the other hand, CAPEX and OPEX for TT and FT are higher than 
conventional tailings dewatering technologies. Still, since the raw water 
requirement for these technologies is considerably lower, the annualized 
costs are lower. 

Assuming annual production of 906.8 ktpa of payable copper at a 
price of 2.6 US$/lb, the revenue would be 5,239 M US$/y, investment in 
tailings management, and water supply represents between 9.77% and 
16.28% of annual costs of mine site operation for a 20-year project life. 

Equation (2) represents the cost of water and tailings management. 
This equation was modelled in RStudio using Monte Carlo simulation 
and the estimation of the Sobol ́ indices. 

Annual cost = CAPEXd +OPEXd +CAPEXw +OPEXw +COSTRO +COSTt

(2)  

where CAPEXd and OPEXd are the annual costs of dewatering technol-
ogies; CAPEXw and OPEXw are the annual costs of water treatment, be it 
filtration or precipitation with lime, COSTRO is the annual cost of reverse 
osmosis, and COSTt is the annual cost of the transport of water from the 
water treatment plant to the mine site. In the case of filtered tailings and 
water supply that consists of 50% of water representing higher quality, 
which is desalinated with reverse osmosis, and 50% of water repre-
senting lower quality, which is filtered seawater, the annual cost is 587 
M U$/year. 

Sensitivity and uncertainty analyses were performed as ROA for the 
implementation of water management options. The Monte Carlo simu-
lation models the probability of different outcomes from the options 
assessed. Fifty thousand simulations were run. To carry out these ana-
lyses, we assumed the value of variables that ranged between a mini-
mum and maximum considering a range of ±10% and ±20%, these 
values are presented in Table 4. The investment was planned for 20 
years, which is a usual timeframe for a project of this magnitude. The 
results considering TT and conventional tailing disposal are included in 
the Appendix B. 

Table 2 
Raw water requirement for dewatering tailings technologies and the base case of 
conventional tailing disposal.  

Technology Raw water requirement (m3/d) 

Conventional tailing disposal 473,288 
Thickened tailings 406,436 
Filtered tailings 313,046  

Table 3 
Cost of implementing different scenarios and options for tailings dewatering and 
water supply management.  

Scenario and option Annual cost  
(M US$/ year) 

Total cost  
(M US$) 

Conventional tailings + option 1 629 12,578 
Conventional tailings + option 2 660 13,200 
Conventional tailings + option 3 853 17,069 
TT + option 1 549 10,984 
TT + option 2 576 11,518 
TT + option 3 742 14,841 
FT + option 1 512 10,249 
FT + option 2 533 10,660 
FT + option 3 661 13,220 
FT + 50% option 1 + 50% option 3 587 11,733 
FT + 50% option 2 + 50% option 3 597 11,940  

Table 4 
Values of the variables used for sensitivity and uncertainty analyses.  

Variables Value Value 
× 0.9 

Value 
× 1.1 

Value 
× 0.8 

Value 
× 1.2 

CAPEX filtered tailings 
(MUS$) 

442 398 486 354 530 

OPEX filtered tailings 
(MUS$) 

430 387 473 344 516 

CAPEX thickened tailings 
(MUS$) 

226 203 249 181 271 

OPEX thickened tailings 
(MUS$) 

132 119 145 106 158 

CAPEX conventional 
tailing disposal (MUS$) 

223 201 245 178 268 

OPEX conventional tailing 
disposal (MUS$) 

123 111 135 98 148 

CAPEX water treatment – 
filtration (US$/m3) 

0.230 0.207 0.253 0.184 0.276 

OPEX water treatment – 
filtration (US$/m3) 

0.070 0.063 0.077 0.056 0.084 

CAPEX water treatment - 
precipitation with lime 
(US$/m3) 

0.350 0.315 0.385 0.280 0.420 

OPEX water treatment - 
precipitation with lime 
(US$/m3) 

0.130 0.117 0.143 0.104 0.156 

Cost water treatment - 
reverse osmosis  
(US$/m3) 

1.600 1.440 1.760 1.280 1.920 

Cost water transport - 
supply system (US$/m3) 

3.040 2.736 3.344 2.432 3.648  

N. Araya et al.                                                                                                                                                                                                                                  



Applied Energy 303 (2021) 117626

8

The summary of results delivered by RStudio, considering the option 
of using filtered tailings and a combination of 50% desalinated water 
and 50% partially desalinated water of lower quality obtained by 
filtration, shows a minimum value of 531.7 M US$/y and a maximum 
value of 640.1 M US$/y, mean of 586.6 M US$/y and median that equals 
586.6 M US$/y. Boxplots represent the summary and the primary data; 
they visualize the minimum, lower quartile, median, upper quartile, and 
maximum data set [85]. They are a straightforward and informative 
method of data interpretation [86]. A boxplot is presented in Fig. 2 to 
visualize the characteristics of data used to calculate the annual cost. BC 

stands for the base case using a ±10% variation for each input. For the 
rest of the boxplots, the uncertainty of one input was expanded to ±20%, 
leaving the rest of the inputs in the previously settled ±10% range. 

With Monte Carlo simulation, global sensitivity analysis is performed 
by estimating the Sobol’ indices with independent inputs. Fig. 3 shows 
the main and total effects of the inputs of the annual costs of imple-
menting filtered tailings and water supply, combining 50% of higher 
quality water and 50% of lower quality water obtained using the 
Soboljansen function of RStudio. This method decomposes the model 
output variance into fractions that can be attributed to each input. 

Fig. 2. Boxplot of the annual costs of implementing filtered tailings technology and water supply of 50% of higher quality and 50% of lower quality water. BC 
represents the base case, C1 CAPEXd ± 20%, C2 OPEXd ± 20%, C3 CAPEXW filtered seawater ± 20%, C4 OPEXW filtered seawater ± 20%, C5 COSTT ± 20%, and C6 
COSTRO ± 20%. 

Fig. 3. Sobol’ indices of the annual costs of implementing filtered tailings and water supply of 50% of higher quality water and 50% of lower quality water. Where 1 
CAPEXd 2 OPEXd,3 CAPEXW filtered seawater, 4 OPEXW filtered seawater, 5 COSTT, and 6 COSTRO. 
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Therefore, in the case of using filtered tailings method and water supply 
combining 50% of higher quality and 50% of lower quality water, the 
main contribution to the variance, 0.84, is due to the cost of transporting 
the water from the water treatment plant located on the coast to the 
mine site. If the main effect and the total effect of each input are close to 
each other, then there are no significant interactions between them. 

Results of uncertainty and sensitivity analyses for the rest of the 
options show similar results that the cost of the water supply system 
exerts the bigger impact on the cost of investment in implementing a 
dewatering technology and having a water supply system that combines 
seawater with desalination or other treatment method leading to partial 
desalination. Results of the other options assessed are included in the 
Appendix B. In the case of traditional tailing disposal and TT, the dif-
ferences between the contribution of each input are more noticeable. 
Because the cost of traditional tailing disposal is lower than FT and since 
the raw water requirement is much higher when using traditional tailing 
disposal, the costs of the water supply system and water treatment are 
increased. 

The WEN can be divided into energy for producing water and water 
for producing energy. In this study, the energy component needed to 
produce water is examined since it is part of the energy used in water 
treatment, water transport, and tailings dewatering technology. 
Improving energy efficiency will reduce GHG emissions. Energy con-
sumption for each dewatering technology, TT and FT, and for the base 
case of conventional tailings disposal was estimated to assess the energy 
component of each strategy proposed. It was then compared to the 
amount of energy consumed in pumping the water from the water 
treatment plant to the mine site. Table 5 presents energy consumption 
and CO2 emissions of each technology. FT consumes 1,169,755 kW h/d, 
which represents 65% more energy than conventional tailing disposal. 
TT consumes less energy than conventional tailing disposal, showing a 
reduction of 33.063%. Energy consumption associated with water sup-
ply was estimated in each case as the energy consumption of pumping 
the water from the water treatment plant located on the coast to the 
mine site. Considering the transport of water to the mine site and the 
technology chosen to deal with tailings, using FT represents a 20% 
reduction in energy consumption compared to the conventional tailings 
disposal method. In the case of TT, a decrease of 17% of energy con-
sumption is achieved compared to the conventional tailings disposal 
method. 

In Table 2, we can see that the raw water requirement of the mine site 
is different depending on how tailings are handled. FT is energy- 
intensive; however, the raw water requirement of the mine site is 
minimized; hence the cost of transporting water to the mine site is lower, 
so is energy consumption, which can be seen in Table 5. Total energy 
consumption considers each option of tailings management and energy 
consumed in transport as there is a trade-off between them. As to reverse 
osmosis, it is known that it is energy-intensive and costly compared to 
other treatment methods. Data concerning energy consumption of pre-
cipitation with lime and filtration treatment were not found in literature, 
hence we considered a scenario where water supply relies only on 
reverse osmosis, using for energy consumption a value of 3.1 kW h/m3 

obtained from literature [87]. Data from the International Energy 
Agency were used to calculate CO2 emissions [88]. These data contain 

CO2 emissions per energy source for Chile’s energy mix and are included 
in the Appendix A. A minimum, median, and maximum value of 374.34, 
409.2, and 1058.56 g CO2 eq/kWh respectively were used to estimate 
the CO2 emissions of the water supply system and tailings disposal 
technologies. The GHG emissions were determined for the Chilean en-
ergy mix. This scenario conforms to different sources of energy 32.6% 
coal, 25.7 hydroelectrical, 18.6% natural gas, 7.8% Photo Voltaic, 5.9% 
wind, 5.4% biofuel, 3.7% oil, and 0.2% geothermal [22]. 

5. Discussion 

There is a trade-off between water and energy in choosing the tail-
ings dewatering technology. Even though dewatering technologies, such 
as FT and TT, are more expensive than conventional tailings disposal, in 
terms of both CAPEX and OPEX, they reduce the raw water requirement 
of the mine. These technologies decrease the cost of water treatment and 
water transport to the mine site and, ultimately, reduce the overall cost 
of the mine site operation. Furthermore, the use of FT and TT technol-
ogies, by removing additional water from the mine tailings, improves 
the stability of deposit, diminishes the risk of acid mine drainage, and 
reduces the deposit site volume as a mining liability. 

Suppose mine plants use seawater and are located far away from the 
coast; having TT or FT could be more economically viable than con-
ventional tailings disposal due to the costs involved in transporting 
water to high altitudes. The costs of technologies to manage tailings are 
directly related to the energy they consume. FT is highly energy- 
intensive, but the final product is tailings with the lowest percentage 
of water, meaning that the raw water requirement of the mining plant 
decreases more considerably than when using conventional tailings 
disposal. Additionally to the dewatering technologies as a strategy to 
save water in the mining plant, it has been demonstrated that the use of 
road dust suppressant products is a cost-effective solution to save water 
[89]. 

Chile is a developing country that is highly dependent on coal [88]. 
However, this is a struggle that several developing and under-developed 
countries have faced [90]. For developing countries, economic growth 
raises energy consumption [91]. Hence, Chile should adopt energy- 
efficient technologies and use renewable energy sources to achieve 
sustainable development with lower CO2 emissions [90]. Additionally, 
Chile as a seismic region, cannot rely on the safe use of nuclear energy as 
a source for its energy mix. 

In areas suffering from water scarcity, seawater is the primary source 
of water for mining sites. There are insufficient water resources in the 
North of Chile to cover environmental, domestic, and industrial re-
quirements [92]. In this study, we assumed that the whole water supply 
relies on seawater and that continental water is not available due to the 
water scarcity situation that most areas where mines are located suffer. 
This assumption is based on the Chilean legal context, where every new 
mineral process plant should be operated by seawater only. In the future, 
70% of the desalination capacity in Chile will meet the demand of the 
mining industry [43]. 

In cases where the mine site is located far away from the coast, water 
needs to be pumped over long distances up to the mine site. Water 
transport is one of the main cost components of water supply, having a 

Table 5 
Energy consumption and CO2 emissions of dewatering technologies and a base scenario of using reverse osmosis.   

Conventional tailing disposal Thickened tailings Filtered tailings 

Energy consumption dewatering technology  
(kW h/d) 

708,593 474,314 1,169,755 

Energy consumption water supply (kW h/d) 4,380,540 3,761,792 2,897,418 
Energy consumption water treatment (RO) (kW h/d) 1,467,192 1,259,952 970,444 
Energy consumption dewatering technology + water supply + treatment (RO) (kW h/d) 6,556,326 5,496,058 5,037,616 
CO2 emissions (gCO2 eq/d) × 109 median 2.683 2.249 2.061 
CO2 emissions (gCO2 eq/d) x109 min 2.277 1.909 1.750 
CO2 max (gCO2 eq/d) x109 max 6.940 5.818 5.333  
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bigger impact than water treatment. Reverse osmosis is the leading 
technology applied to desalinate seawater, and it is still quite expensive 
as a way of fulfilling the total requirements of a mine site. However, 
some mining processes do not require high-quality water produced with 
reverse osmosis [35]. Other technologies applied in this study are 
filtration and precipitation with lime, in which water quality is inferior 
but still satisfactory for some processes. 

Additionally, the combination of water was considered since relying 
only on the supply of seawater through a filtration process can be un-
realistic since some operations in the mine site require high-quality 
water, such as the one obtained with reverse osmosis. Currently, some 
mine sites use a combination of water that includes recycled water, 
freshwater, and desalinated water. Water transportation and treatment 
are energy-intensive processes that generate a large amount of GHG and 
threaten the competitiveness of the copper price by increasing the pro-
duction cost in mines geographically located in water scarcity places 
[18]. 

Using ROA allowed us to study every cost component of the com-
binations analyzed to better assess the uncertainty inherent in each 
component. Results of sensitivity and uncertainty analyses indicate that 
water transport to mine sites located far away from the coast contributes 
more to the overall uncertainty of the applied model, despite imple-
menting tailings dewatering technologies, such as thickened tailings and 
filtered tailings, that reduce the water requirement of the plant. In the 
near future, seawater will be the primary water source for mining due to 
the scarcity of freshwater sources. Therefore, reducing the water 
requirement by maximizing the recycling and reuse of water inside the 
mine is essential. 

Waste reduction is crucial for achieving a circular economy. Circular 
economy principles include reducing and, whenever possible, reusing 
waste generated by the industry. The potential utility of tailings is 
enormous since secondary sources are nowadays increasingly more 
often viewed as sources of minerals and metals for production due to the 
declining grades in primary ore bodies and the negative impact of 
mining on the environment. A geophysical study of the Aijala tailings 
ponds, a combination of Cu, Pb-Zb, and Ni-Cu tailings, showed that the 
concentration of elements did not change significantly between samples 
taken in 1982 and 2016 [93]. One may suppose that in arid regions, 
where acid drainage has a lower chance to occur, the composition of 
tailings may not change significantly over time. Therefore, the resource 
estimation of mine tailings performed now will not change in the future. 
Dewatering technologies will allow storing mine tailings so that they 
facilitate re-processing them to obtain certain metals or recycle tailings 
to use them as construction material or ceramics in the near future. 
Chilean mine tailings contain quantities of critical raw materials such as 
rare earth elements, whose recovery could be feasible in the future [94], 
ROA can also be applied in this case. Mine tailings also have the po-
tential for the sequestration of CO2 via ex-situ mineral carbonation, 
which could be a way to reduce CO2 emissions from power plants [95]. 

6. Conclusions 

Continental water sources in areas of mine sites are usually scarce or 
semi-scarce; therefore, part of the water demand must be satisfied by 
desalinated or partially desalinated seawater. The transport of water 
from the coast to the mine sites is expensive, and its cost can be 3–4 
times higher than that of water treatment. The mining industry has 
made efforts to reduce the freshwater requirement by recycling several 
water streams in the process; in copper mining, the average percentage 
of recycled water is close to 70%. However, the mining industry must 
reduce water consumption as mine plants are usually located in places 
suffering from water scarcity. Additionally, this sector in Chile must 

gradually switch to seawater to comply with the law. 
The water reduction model was used to estimate the water require-

ment of different options and scenarios to reduce the water requirements 
applied to a case study that consists of a large mine company using the 
data of an actual mine site. Three dewatering technologies for tailings 
were considered: traditional tailing disposal, thickened tailings, and 
filtered tailings. To ensure water supply to the mine site, we examined 
using seawater treated in different ways and representing different 
quality. Seawater that is filtered or precipitated with lime is a low- 
quality resource. Higher quality water can be obtained when desalina-
tion is performed using reverse osmosis, but its cost is more than three 
times higher than that of other technologies; hence a combination of 
water seems more reasonable to fulfill the mine site requirements. 

The novelty of this study consisted of assessing the economic output 
of various options to supply water and treat mine tailings by applying an 
approach based on real options. It allows the identification and trans-
parent presentation of existing investments and management options. 
The method used gives the flexibility to choose between different water 
management options, as it includes combinations of different water 
treatments for the water supply to the mine. Investments in mining are 
characterized by great uncertainty due to the nature of markets and the 
complexity of new projects. A real options approach enables to assess the 
uncertainty of every cost component and evaluates each option to make 
a decision. Real options methods allow for the analysis of consequences 
of delaying or speeding up managerial decisions and could contribute to 
the reduction of financial and operational risks. 

Uncertainty and sensitivity analyses were carried out for the results 
of the water reduction model to investigate the uncertainties about costs 
of the different options of dewatering technologies for tailings man-
agement and water supply. These analyses were implemented using 
Monte Carlo simulations as a real options approach to study the influ-
ence of the uncertainties of the inputs on the overall cost of the system. 

The following main conclusions can be drawn:  

• Results indicate that water transport costs are one of the biggest cost 
components; hence, efforts to reduce the water requirements are 
crucial. Since most water can be found in tailings, investing in 
dewatering technologies is vital to reduce the water requirement of 
the mine.  

• Mine tailings disposed using the traditional disposal method contain 
approximately 70% of water. It makes the tailing facility the biggest 
water sink in the mine site. As water is a scarce resource, efforts to 
reduce water content in tailings are crucial in lowering the demand 
for water in the mine sites.  

• The water-energy nexus is a major component of the total cost for 
different options of water supply management systems in mines, 
including water used by the tailing dewatering technologies. On the 
other hand, energy is needed to transport water, to desalinate or 
partially desalinate seawater, and in technologies used to recover 
water from the mine tailings.  

• Switching from conventional tailings disposal to thickened tailings 
or filtered tailings solutions would reduce the water requirement of 
the mine site. Still, it would increase the amounts of energy needed 
because these technologies are energy-intensive. However, if the 
water requirement is reduced, as the results show, the cost of water 
treatment and transport is reduced, and less energy is required in 
these processes, which are also energy-intensive.  

• The amount of seawater used in the mining industry has been rising, 
and it is expected that the seawater demand will increase, intensi-
fying the demand for energy. Therefore, to reduce greenhouse gas 
emissions is mandatory to use low emitting sources of energy. 
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Appendix A 

See Tables A1 and A2. 

Appendix B 

Sensitivity and uncertainty analysis figures 

See Figs. B1-B4. 

Table A1 
Summary of costs of each dewatering technology and water treatment option.   

Dewatering 
technology cost 

Dewatering technology water 
flow (m3/d) 

Water treatment and 
supply technology †

Water treatment and 
supply costs 

Water treatment and supply costs 
(20 years) 

Dewatering 
technology §

CAPEX 
$M 

OPEX 
$M 

Raw water requirement 1 2 3 $M/y $M 

1 669 369 473,288 x   577 11,540 
1 669 369 473,288  x  608 12,162 
1 669 369 473,288   x 802 16,031 
2 678 396 406,436 x   495 9,910 
2 678 396 406,436  x  522 10,444 
2 678 396 406,436   x 688 13,767 
3 1,326 1,290 313,046 x   382 7,633 
3 1,326 1,290 313,046  x  402 8,044 
3 1,326 1,290 313,046   x 530 10,604 
3 1,326 1,290 313,046 50%  50% 456 9,116 
3 1,326 1,290 313,046  50% 50% 467 9,320  

§ Dewatering technologies: 1 Conventional tailings disposal; 2 Thickened tailings; 3 Filtered tailings. 
† Water treatment and supply: 1 Water partially desalinated with filtration and supply until the mine site; 2 Water partially desalinated using precipitation with lime 

and supply until the mine site; 3 Water desalinated with reverse osmosis and supply until the mine site. 

Table A2 
Chile’s electric matrix, source: IEA Electricity Information 2020.  

Energy source − 2019 GWh % gCO2eq gCO2 min gCO2 max 

Coal 26,494 32.6 2.1725 × 10+13 1.960 × 10+13 2.411 × 10+13 

Oil 3,033 3.7 2.2232 × 10+12 1.6591 × 10+12 2.8359 × 10+12 

Natural gas 15,128 18.6 7.4127 × 10+12 6.2025 × 10+12 9.8332 × 10+12 

Nuclear 0 0 0 0 0 
Hydro 20,874 25.7 5.0098  × 10+11 2.0874 × 10+10 4.5923 × 10+13 

Biofuels 4,351 5.4 1.0007 × 10+12 5.6563 × 10+11 1.8274 × 10+12 

Wind 4,809 5.9 5.2899 × 10+10 3.3663 × 10+10 2.693  × 10+11 

Geothermal 202 0.2 7.6760 × 10+9 1.2120 × 10+9 1.5958 × 10+10 

PV 6,304 7.8 3.0259 × 10+11 1.1347 × 10+11 1.1347 × 10+12 

Total 81,195 100 3.3226 × 10+13 2.8202  × 10+13 8.5949 × 10+13  

Fig. B1. Boxplot of the annual costs of implementing conventional tailing 
disposal technology and water supply of 50% of water quality 1 and 50% of 
water quality 2. BC represents the base case, C1 CAPEXd ± 20%, C2 OPEXd ±

20%, C3 CAPEXW filtered seawater ± 20%, C4 OPEXW filtered seawater ± 20%, 
C5 COSTT ± 20%, and C6 COSTRO ± 20%. 
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Fig. B2. Sobol’ indices of the annual costs of implementing conventional tailing disposal and water supply of 50% of water quality 1 and 50% of water quality 2. 
Where 1 CAPEXd 2 OPEXd ,3 CAPEXW filtered seawater, 4 OPEXW filtered seawater, 5 COSTT, and 6 COSTRO. 

Fig. B3. Boxplot of the annual costs of implementing thickened tailings technology and water supply of 50% of water quality 1 and 50% of water quality 2. BC 
represents the base case, C1 CAPEXd ± 20%, C2 OPEXd ± 20%, C3 CAPEXW filtered seawater ± 20%, C4 OPEXW filtered seawater ± 20%, C5 COSTT ± 20%, and C6 
COSTRO ± 20%. 
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