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Abstract

:

Responsible mine closure and repurposing are key to contributing to sustainable development by ensuring successful environmental rehabilitation and reducing socioeconomic risks. However, mine closure has primarily focused on remediation and rehabilitation of mined lands with limited consideration of stakeholder perspectives and the broader social, economic, and cultural impacts of closure. In this paper, we use stakeholder input to evaluate and compare three different repurposing alternatives for the tailings dam area of a mine in the state of Colorado, USA, which is expected to close in the next twenty years. By using multi-attribute utility theory (MAUT), we determine which alternative better reflects stakeholder preferences and results in the most economically, environmentally, and socially sustainable outcome. Our results show that although stakeholder groups have different ideas about what constitutes sustainable development in the context of mine closure and repurposing, it is possible to identify to what extent different scenarios can address these perspectives. We argue that integrating stakeholder views into mine closure design and repurposing can lead to more responsible and sustainable mine closure that is unique to a particular setting and stakeholder needs, and we provide a methodology that mining companies may use to understand stakeholder priorities and preferences.
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1. Introduction


Although mining is a heavy industry that causes environmental degradation and disrupts communities [1,2], it can also lead to positive socio-economic outcomes. When a mine begins operation, it may bring welfare by generating jobs, building skills and infrastructure, and enhancing the local economy (i.e., “boom”) [3,4]. However, mineral resources are not renewable, and the operational stage comes to an end when the ore has been depleted or when mining is no longer economically or socially feasible. In many cases, the departure of a mining company may have adverse impacts on local economies through employment losses, declines in local cash flow and tax revenues, an inability to maintain infrastructure, and a decline in services (i.e., “bust”) [3,5]. A poorly managed closure may worsen these impacts, and stakeholders increasingly expect mining companies to proactively manage the impacts of closure [6].



Mine closure must be planned so that the value of the impacted area is equal to or better than its original value, and the welfare created by the company is sustained and improved. To better manage the boom-and-bust cycle and obtain a broader acceptance of closure outcomes, a more comprehensive and stakeholder-inclusive approach to closure planning is needed [7,8]. Reconceptualizing mine closure is vital for enhancing mining’s contribution to sustainable development by ensuring successful rehabilitation of disturbed land, mitigating negative socio-economic impacts brought by the company’s departure, and building capacity in local communities [9,10,11,12].



Although the name connotes “end-of-mine”, closure planning should start from the earliest stages of mine planning and should be guided by sustainable development principles [13]. Defining a closure vision early, integrating it into planning, and regularly updating the plan may result in more closure options and the ability to evaluate the feasibility of alternatives. Moreover, community participation and input in closure planning may lead to better post-closure outcomes for communities, the company, and other stakeholders [10,14,15]. Historically, however, this has not always been the case, and delaying closure planning to later in the project cycle and even to ‘when the mine is about to close’ has been a common practice [16,17] with relatively little input from communities and other stakeholders [6,18]. This has limited repurposing options and stood as a barrier to environmental, social, and economic sustainability after the life of the mine [8,14].



In this paper, we use stakeholder input to investigate the potential contributions that post-closure scenarios could make to sustainable development. We do this by evaluating and comparing three different repurposing alternatives for the tailings dam area of a mine in the state of Colorado, USA, which is expected to close in the next twenty years. We evaluate these alternatives with a decision support tool that considers stakeholder perspectives and priorities. This tool is derived from a quantitative, multi-attribute decision analysis (MADA) approach, namely, multi-attribute utility theory (MAUT), and we populated the MAUT by creating an indicator-based sustainability survey to solicit the preferences and priorities of different stakeholders in terms of environmental, social, and economic aspects of repurposing. Our results show that stakeholder groups have different ideas about what constitutes sustainable development in the context of mine closure and repurposing and that even within the same stakeholder group, there are divergent perspectives. Although this variation is a major challenge, we argue that integrating stakeholder views into mine closure design and repurposing can lead to more responsible and sustainable mine closure that is unique to the particular settings and needs of various stakeholders, and we provide a methodology that mining companies may consider using to understand stakeholder priorities and preferences.



Case Study Background


The Henderson Mine is a large underground molybdenum mine located in Clear Creek County, Colorado, USA (Figure 1). The orebody was discovered in 1964, and shaft sinking began in 1968. The mine has been in operation since 1976 and is expected to close in the next 20 years. It is the largest primary producer of molybdenum in the world, with a yearly production capacity of 8.2 million kilograms. The mine delivers ore via a 15.3 km-long conveyor tunnel and a 7.9 km-long overland conveyor to the mill, where processing takes place. The mill is in Grand County, Colorado, along the Williams Fork River, between approximately 2682 and 2805 m above sea level. The Henderson operation currently provides more than 350 jobs and contributed approximately USD 22.5 million in 2017 and USD 18.3 million in 2018 to the local tax base. This is expected to decrease to USD 3–8 million per year over the next seven years, which will be a significant change and could be potentially devastating for local communities. The Henderson Mine was grandfathered into current reclamation rules and regulations that stipulate the preparation of detailed reclamation plans that establish post-mining land uses [19,20], and mine closure guidelines that specify that closure planning should start from the earliest phases of exploration and feasibility [8,10,21,22,23], and hence, it has only recently begun to consider repurposing alternatives. There are other mines in the US that are in a similar situation, so this paper attempts to provide an example of how to better manage the process.



The mining company has been establishing challenges for students at the Colorado School of Mines to solicit ideas for repurposing the site. The first Henderson Sustainable Development and Entrepreneurial Challenge was launched in 2018, and student teams were tasked with developing a concept for repurposing the mine’s surface facilities and land holdings. The second and most recent challenge took place in 2019. Student teams were asked to develop a concept for sustainable repurposing of the mill site, which is where the mineral processing occurs, and the tailings are deposited. Approximately 567 hectares are covered by tailings at the mill site. Several student teams competed, and a panel of judges chose three winners based on the potential impact of the concept, its creativity, and the groups’ presentations. These three scenarios, in the actual order of awarded place in the challenge, were glass manufacturing of tailings (“tailings”), organic shrimp farming (“shrimp”), and CBD and hemp production (“hemp”). In this paper, we focus on these three winning projects and examine to what extent they contribute to sustainable development according to stakeholder priorities and preferences.





2. Mine Closure Planning and Sustainable Development


The mining industry has the potential to significantly contribute to sustainable development and has been making efforts to engage in more responsible practices [4,24]. Mine closure is rated among mining’s top operating risks [25], and its importance has been increasingly acknowledged in best-practice guidelines and more stringent mine closure regulations that have been put in place since the 1990s [5]. Mine closure can cause negative impacts, including losses of employment, tax revenues, infrastructure, and services, as well as a decrease in the demand for local goods and services [5,26]. The development opportunities that mines can offer to the local community during operation must continue after closure [27]. If managed properly, the transition at mine closure may offer significant opportunities that can be aligned with the Sustainable Development Goals (SDGs), such as repurposing the land and infrastructure for innovative uses that support the transition to a low-carbon future and creating alternative economies for local communities [25,26].



To achieve these goals, early definition of the closure vision (i.e., “closure planning”) is crucial [5,28,29]. According to the recent guide by the International Council for Mining and Metals (ICMM) on integrated mine closure, a closure vision should be informed by the mine’s area of influence, the socioeconomic and environmental context, stakeholder input, country-specific requirements, and the SDGs [10]. The primary objective of closure planning should be to ensure successful decommissioning and reclamation of a site [29,30,31] and maximize sustainable development in the area [5,8,10,14,21,27,30,31].



Closure planning should start from the earliest phases of exploration and feasibility [8,10,12,14,21,22,23,26,29,32], and can help minimize the negative impacts and financial burden of closure and maximize the post-mining benefits [12,21]. If closure planning starts too late in the mine life cycle, the closure may fail in terms of ensuring environmental and socioeconomic sustainability [8,14].



Legislative requirements define the process of closure and the release of responsibilities and ownership rights after closure. Countries vary considerably in terms of these requirements. Some countries have well-established and detailed mine closure regulations, while others have limited or no valid legislation [8,10,33]. In general, mine closure regulations mainly focus on the environmental and physical aspects of mine closure, specifically reclamation and rehabilitation and pay limited attention to the social aspects [5,25,33]. Only a few countries and individual provinces or states have enacted and executed actual mine closure laws or regulations (e.g., the United Kingdom, Chile, Peru, Manitoba and Ontario—Canada—and the state of Nevada, United States), and most countries cover mine closure requirements either within the mining law or within broader environmental legislation that is applicable to mining [23,25,33]. The modern approach to closure is to adhere to the legislative requirements as a minimum and exceed these whenever possible [21].



In recent years, international best-practice guidelines have encouraged mining companies to commit to principles of sustainable development in planning closure [29]. Industry bodies and international development organizations have established guidelines and standards around mine closure. Some key themes in these guidelines and standards include integrated closure planning that considers the environmental, financial, physical, and socio-economic contexts of a particular site, incorporates stakeholder perspectives including community objectives and aspects of social well-being, and includes best practice based environmental management and protection, and uses for land and infrastructure [6,8,10].



Several studies have emphasized the importance and positive consequences of incorporating stakeholders in decision making for post-mining lands [34,35,36,37]. These include reaching a broader consensus about future land use options, identifying priorities and decision-making factors for land use [34], and greater community acceptance and reduced conflict regarding the outcomes [36]. However, stakeholder input only being solicited as part of the official public comment period after developing a closure plan is not uncommon [8]. There is a need for more stakeholder involvement in closure planning [8], but the variation in stakeholder groups’ post-mining interests, values, and expectations is a major challenge [6,12,34,38,39,40,41,42,43,44]. “Sustainability” has different meanings to different people and must be defined according to the needs and values of the affected stakeholders [45,46]. Similarly, stakeholder theory recognizes that value is created when the interests of different stakeholders are considered and addressed [41,47]. This may be accomplished through effective stakeholder engagement for a realistic and transparent sustainability assessment and decision-making process [13,26]. Fortunately, the importance of stakeholder involvement in mining project lifecycle management has been increasingly recognized in the last two decades [48,49]. In addition, the environmental, social, and governance (ESG) goals are commonly being included into resource assessment and analysis tools, leading to investors’ increased commitment to projects that meet these goals [50,51]. These developments might help make societal aspects more mainstream in mine closure planning.



Post-mining planning has often been limited to landscape restoration [38], but repurposing entails finding a new use for the site that utilizes the existing mine site elements and infrastructure to deliver a productive economic activity or other beneficial land use after closure [9,10]. Historically, repurposing of closed mine sites has been rare, but there is increasing pressure for the mining industry to go beyond rehabilitation, and repurposing mines is now starting to become more common [9,10]. Some novel and successful repurposing projects have included tourism attractions, educational and sport facilities, and industrial uses [34]. Though not possible for all sites, the ICMM suggests identifying and assessing repurposing options by using a Multi Criteria Decision Making (MCDM) approach, which is incorporated into the mine closure plan after engaging with stakeholders [10]. Such an approach is more likely to enable positive post-mining land use transitions [9,28].



Previous Studies and Gaps


Previous studies on mine closure and post-mining land use have primarily focused on remediation and rehabilitation of mined lands with limited consideration of stakeholder perspectives and the broader social, economic, and cultural impacts of closure [29,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68]. Research on sustainable development and mine closure has focused on risks [69,70,71,72] and costs [73,74] associated with mine closure, as well as policies related to closure [75,76]. A couple studies have focused on community wellbeing in the context of mine closure. For example, Odell et al. (2011) developed a framework of socio-environmental indicators by interviewing nearby communities to assess and improve social wellbeing and sustainability through mine closure [77]. In another study, post-mining scenarios were presented to communities three years before the anticipated closure of a gold mine, and through this exercise, it was determined that closure would impact family life, food security, and health [44].



Several studies have used MCDM techniques to evaluate different options in mining, including alternatives for current and future mining developments [13,78], community investments [79], locations for mine waste storage [80], mining methods [81,82], and mining equipment [83,84,85]. Only a few studies have focused on identifying and ranking post mining land uses. Amirshenava and Osanloo (2018) assessed mine closure risks by following a MCDM approach for an iron ore mine in Iran and ranked the post mining land use alternatives based on the opinions of an expert team and not stakeholders [69]. Bangian et al. (2012) used fuzzy multi-attribute decision making (MADM) to estimate the closure and reclamation costs of 17 post mining land use alternatives for the pit area of a copper mine in Iran but did not incorporate real stakeholders in the decision-making process [86]. Soltanmohammadi et al. (2008–2010) used three different MADM techniques in separate studies to rank potential post mining land uses of a hypothetical mined land to demonstrate to what extent the MADM method influenced the selection of optimal land use [87,88,89]. Eshun et al. (2018) used an MADM technique to determine the optimum mine closure alternative for a mine in Ghana based on the opinions of five experts and with respect to 40 criteria attributes [39]. Masoumi et al. (2014) focused on selecting the optimal post mining land use alternative using fuzzy MADM for a surface coal mine using 28 attributes based on three experts’ judgments [90].



Most existing mine closure plans do not align with the closure guidelines by ICMM, The Mining Association of Canada (MAC), and others that encourage early engagement with stakeholders [5]. Managing the socio-economic impacts of mine closure is a noted gap in research, policy, and practice [8,14,15,27,31,38], which hinders sustainable post-mining land use opportunities [9]. Mine closure and post-closure land use involve more than decommissioning and rehabilitation [5,6]. Long-term development is possible with an integrated mine closure approach and innovative repurposing solutions. However, participatory scenario analyses or case studies that support decision-making for repurposing have been insufficiently explored. Mert (2019) examined the benefits of repurposing a former sand quarry in Turkey as a solar power plant and interviewed engineers, residents, and local government officials to understand their satisfaction with the power plant. They found that all stakeholders were satisfied with the transformation [40]. However, this study examined stakeholder perspectives after the repurposing took place, interviewed few stakeholder groups, and did not provide or compare any repurposing alternatives.



Our analysis addresses a gap in the literature regarding participatory scenario analyses that support a priori decision making for repurposing. We focus on the ways in which different repurposing alternatives may contribute to sustainable development by using multi-attribute utility theory (MAUT) to determine which repurposing scenario would better reflect stakeholder preferences and result in the most economically, environmentally, and socially sustainable outcome. We also demonstrate the robustness of our sustainability assessment method through sensitivity and scenario analyses.





3. Methodology


Our methodology consisted of five major steps which we outline in the sections below (Figure 2).



3.1. Identification of Relevant Indicators


To determine the indicators used in this study, we drew from a comprehensive indicator set that was established as part of a larger study on sustainability assessment frameworks as decision support tools for the mining sector [46]. From this set, we identified an initial set of 31 indicators (9 social, 14 environmental, and 8 economic) that were most suitable for the repurposing phase of the mining life cycle and this case study. We categorized the indicators according to the three dimensions of sustainability (environmental, economic, and social), as recommended in the literature for sustainability assessment [91,92,93,94,95]. Because of the availability and quality of data, it was necessary to eliminate some of the indicators and add some new indicators that were relevant for this case. The elimination of some indicators was also required to decrease the cognitive load of the survey participants and to optimize the time they spent on completing the survey. This was a necessary step to ensure that our indicator set reduces complexity, is easily understandable, and resonates with the survey participants [49]. After refining the indicator set, the final set included 17 indicators (attributes) in total, broken down into five economic, five social, and seven environmental indicators (Table 1). The verbiage of indicators was modified to simplify the survey. The indicators were coded in the order of their appearance in the survey questions.



We understand and acknowledge the links between some of the indicators. For example, while investments in public services (Ec2) falls under economic aspects in our categorization, it is also a key component of social aspects of sustainable development. We grouped the indicators into categories based on how they are commonly classified in the literature.




3.2. Data Collection


We performed data collection in two parts: (i) collection of data about the current mine and proposed student projects, and (ii) examination of stakeholder preferences to obtain weights to be used in Multi-Attribute Decision Analysis (MADA). In the first part, data related to the current mine operation, its footprint, and its impacts on the community and the environment were collected through publicly available data (e.g., company reports, company website, and government documents). These data allowed us to understand and define the “baseline” in the tailings dam area before considering the post-closure period. Then, we collected data related to the proposed repurposing scenarios from the student reports. Almost all the indicators in our final set could be informed by the data in the student reports. Only one indicator, emissions (En6), was estimated based on similar industries’ public data.



Following the “contribution to sustainability” model [45,46], and stakeholder theory [41,47], which recognize the different needs and values of affected stakeholders, we also considered what aspects of “sustainability” were the most important to various stakeholders. The second part of data collection examined the preferences of stakeholder groups with the goal of integrating them into the sustainability assessment of repurposing alternatives. To achieve this, we first identified the stakeholders that were relevant and interested in the repurposing of the tailings dam area through a brainstorming activity based on our knowledge of the region. We then mapped the identified stakeholder groups based on their power over and interest in the repurposing projects, and we prioritized them for involvement in the decision-making process. After obtaining our final stakeholder list, we utilized an online survey method where the stakeholders were asked to perform pairwise comparisons among all sub-goals (level 2), criteria (level 3), and attributes (level 4) by using the Saaty Scale [96]. This examination of stakeholder preferences was necessary to obtain the weights to be used in the multi-attribute utility function. We continued our survey to the point where we achieved relatively equal representation from all the stakeholder groups. In the end, we collected responses from 41 individuals from seven different stakeholder groups (Figure 3). We used the term, “government agencies” to refer to state and federal agency representatives and “local governments” to refer to mayors, city councils, and county commissioners. Industry advisors included industry professionals who provided guidance to the students during the challenge. Similarly, a group of faculty members served as mentors to the student groups during the challenge.



The survey included 27 questions, divided into (i) four questions related to demographic information; (ii) five questions about financial contributions and economic performance; (iii) five questions about community impacts and employment; (iv) ten questions about waste, emissions, resource consumption, and land use; and (v) three questions about general aspects of sustainability (see Table A1 for the complete survey).




3.3. Multi-Attribute Decision Analysis (MADA)


We performed the sustainability assessment for the three repurposing scenarios by using MADA, which is subdiscipline of multi-criteria decision making (MCDM) for making preference decisions, such as prioritization, evaluation, and selection over different alternatives [97]. We achieved MADA based on the multi-attribute utility theory (MAUT), which is a technique in the broader field of MCDM [98]. MAUT is an analytical approach for making logical decisions and for converging toward a preferred solution where there are multiple objectives or attributes [7,99]. It is frequently used in decision-making processes involving sustainability issues, since these issues are more complex and require more than a cost/profit assessment [28,36,39,86,91,93,100,101,102]. Furthermore, optimizing project selection through balancing economic, environmental, and social goals creates an opportunity for developing decision-support tools for mining companies, and MAUT is a well-suited technique to support prioritization of conflicting goals [43].



MAUT has three basic steps:




	
Construction of a goals hierarchy to define the attributes by which the decision objectives will be measured;



	
Formulation of single-measure utility functions for each attribute to normalize the measurement or scale of all attributes across all alternatives;



	
Weighting of the preferences between attributes [100].








As the first step in decision analysis, we constructed a goals hierarchy (Figure 4) comprising four levels. From the bottom to the top, the levels represent the following:




	
Level 4 consists of the attributes, in other words, the sustainability indicators selected for this assessment (refer to Table 1 to see which indicators the codes stand for);



	
Level 3 represents criteria that classify the attributes based on broader issue areas;



	
Level 2 includes the economic, social, and environmental sub-goals that form the overall goal;



	
Level 1 is the overall goal of “sustainable repurposing” of the tailings dam area.








In the second step of MADA, we formulated single-measure utility functions for 17 different attributes (U1(a1), U2(a2), …, U17(a17) for 17 different attributes from a1 to a17) to mathematically transform monetary or other values into utility values on a standardized scale, in this case, from 0 to 1. The Logical Decisions Software was used to formulate the utility functions [103]. Although single-measure utility functions can be in any shape (i.e., linear and non-linear), utility functions of all attributes were assumed to be linear in this study for practical reasons and because it is widely stated in the literature that attribute weights [104] and ranking of alternatives [105,106] do not really depend on the shape of the value function. In addition, in most sustainability evaluation studies [107,108], experimental studies, and in practical applications, the utility functions are often assumed to be linear [104,109]. Lastly, construction of non-linear utility functions is time-consuming and complex as it requires long interviews with decision makers with comprehensive knowledge of the problem area [110], which was unfeasible for our study, especially with the prevalence of the COVID-19 pandemic at the time of study.



In the last step of MADA, we used the analytical hierarchy process (AHP) method to calculate the relative importance weight of each sub-goal, criteria, and attribute. We selected AHP as it is a well-established, reliable, and popular technique for decision making [13,108,111,112], especially for handling multiple decision makers [113]. It is also considered to be easier for stakeholders to perform when compared to other weighting methods [93]. Following the AHP approach, we used the stakeholder responses in the online survey, checked for consistency, and calculated the weights assigned to each sub-goal, criteria, and attribute by each respondent. As AHP examines the relative importance of parameters, the parameter with the higher weight is deemed to be given higher importance than the other parameters in the same comparison set [13].



We aggregated preferences at the stakeholder group level as well as the combined group level (i.e., the combined decision of all 41 participants). We obtained the weights assigned by each individual stakeholder group by using the aggregation of individual judgments (AIJ) technique, and the weights assigned by the combined group decision was obtained by using the aggregation of individual priorities (AIP). We decided to use both techniques as they were complementary to each other in our case study. AIJ is used when individuals act in concert and pool their judgments in such a way that the group becomes a new ‘individual’ and behaves like one (i.e., if the group is a synergistic unit) [112,114,115,116]. In our case, we first considered the stakeholder groups as synergistic units with members that may have similar ways of thinking about sustainability aspects. AIP, on the other hand, is used when individuals express different value systems [112,114,115,116]. It is suggested for groups larger than five people and shows great potential to support decisions with diverging or conflicting goals [115], which fit our case study. Hence, we used AIP to achieve the weights that reflect the whole group’s decision.



We calculated both the geometric average of the judgments (AIJ) and the arithmetic average of priorities (AIP) with Equations (1) and (2), respectively, by assuming that the individual respondents were of equal importance, which is the most common assumption [112,117].


   J g      k , l   =     ∏   i = 1  n   J i      k , l      w i     



(1)




where



Jg (k, l) is the group’s judgment for the relative importance of parameters k and l,



Ji (k, l) is the individual respondent i’s judgment for the relative importance of parameters k and l,



wi is the importance of individual respondent i;     ∑   i = 1  n   w i    = 1, and n is the number of responders.


   P g       A j    =   ∑   i = 1  n   w i   P i    (  A j  )  



(2)




where,



Pg (Aj) is the group’s priority weight for the parameter j,



Pi (Aj) is the individual respondent i’s priority weight for the parameter j,



wi is the importance of individual responder i;     ∑   i = 1  n   w i    = 1, and n is the number of responders.




3.4. Ranking of Alternatives and Their Evaluation


After all steps of the MADA were completed, we calculated the utility scores of each repurposing scenario by utilizing the Logical Decisions Software, obtained the ranking of alternatives, and interpreted the results. To calculate the utility scores of alternatives, we input the obtained weights to the Logical Decisions Software to be used in the multi-attribute utility functions in the form shown in Equation (3) [100,103].


   U g   X  =  w 1   U 1   X  +  w 2   U 2   X  + … +  w n   U n   X   



(3)




where



Ug(X) is the utility of alternative X for the overall goal/sub-goal/criterion “g”,



Un(X) is the utility of alternative X for the nth member of g (a member is either a sub-goal, a criterion or an attribute that is included under its upper level in the goals hierarchy), and



wn is the weight assigned to the nth member of g, and the sum of the w’s = 1.



We obtained the ranking of alternatives based on the utility scores of alternatives for the overall goal (i.e., sustainable repurposing). The results achieved the following:




	
Revealed the preferences of each stakeholder group on what the sustainable repurposing of the area should look like;



	
Explored the variability of views about “sustainability” within and among stakeholder groups;



	
Revealed the strengths and weaknesses of each alternative in terms of the economic, social, and environmental sustainability of the mill area;



	
Determined which repurposing scenario better reflected stakeholder preferences and results in the most economically, environmentally, and socially sustainable outcomes.









3.5. Sensitivity and Scenario Analysis


After the assessment of the results, we conducted a sensitivity analysis to test how sensitive or robust the ranking of alternatives was to changes in the weights assigned to the sub-goals, criteria, and attributes. The sensitivity analysis was performed by running the sensitivity graph function of Logical Decisions, which draws a graph showing the effect of altering the weight of a sub-goal, criteria, or attribute on the utility scores of alternatives.



We also conducted two different “what-if scenarios” to understand the effects of smaller representation of stakeholder groups on the final group decision.



Scenario 1: Removing the Outliers in Each Stakeholder Group



We determined the general outliers (i.e., diverging members) in each stakeholder group by creating a spider diagram that showed the weights assigned to the sub-goals, criteria, and attributes by all members of that group. After determining the outliers in each stakeholder group, we removed them from the analysis, and recalculated the weights and the utility scores of the alternatives. In total, we ran seven simulations (one simulation for each stakeholder group).



Scenario 2: Randomly Removing (a) Respondents and (b) Each Stakeholder Group



We first randomly removed one respondent at a time from the analysis following the jackknife method. We ran 41 simulations in total, for each of which we calculated the weights assigned and the resulting utility scores of the repurposing alternatives. We calculated the weights for each simulation using MATLAB, and then we inserted those weights in Logical Decisions to obtain each alternative’s utility score. We then followed the same steps for removing one stakeholder group and ran seven more simulations.




3.6. Study Limitation


The three repurposing alternatives presented in this study were selected by a jury in the student challenge, including stakeholders from the mining company, community members, and faculty. Many repurposing alternatives were developed by student groups composed of multidisciplinary graduate and undergraduate students. The student groups, advised by two stakeholder groups (industry advisors and faculty members), collected views of community members, and evaluated the environmental and social aspects of their proposed repurposing alternatives. There were more than ten alternatives presented to the jury, and three of them were selected as the best alternatives based on the jury’s evaluation. Still, a larger stakeholder engagement would be ideal and is highly recommended for future studies. In practice, repurposing options should be developed in collaboration with stakeholders for a more participatory and deliberative decision-making process.



Moreover, in the student challenge, the main problem statement proposed by the mining company was economically focused and referred to the community losing significant amount of tax every year after closure. No other important social aspects were mentioned, such as cultural disruption or quality of life. In line with the problem statement, student projects also lacked such social aspects. Since the availability of data from the student projects drove our indicator selection process, our final indicator set lacked social indicators related to cultural disruption or quality of life. Although a focus on economic transition is critical for post-closure sustainability, there are several other social aspects of mine closure that should be considered [6]. We believe that these social aspects should also be assessed when considering the potential impacts of proposed repurposing projects.





4. Results and Discussion


4.1. Stakeholder Priorities


As may be expected, the priorities of the different stakeholder groups were both similar and different depending on the issue area. In general, community members’ responses aligned with faculty members, and they shared the closest views on the importance of economic criteria (Level 3), contribution to society attributes (Level 4), and community impacts attributes (Level 4). Similarly, industry advisors and local governments, as well as government agencies and local governments were generally in agreement with each other. Industry advisors shared the closest views with local governments on the importance of the three sub-goals of sustainable repurposing (Level 2), social criteria (Level 3), and economic performance attributes (Level 4). Government agencies and local governments shared the closest views on economic performance attributes (Level 4). However, in general, local non-profits’ views often diverged from the other groups, and local governments’ views contrasted those of the mining company and faculty members. This may indicate that the mining company should pay more attention to local governments’ perspectives to better align mine closure with local sustainability criteria, development plans, and priorities and to better contribute to sustainable development at the local level. We also observed that community members’ views were generally in line with the combined group decision, which demonstrates the heterogeneity of communities.



At Level 2, the combined group valued the economic aspects of repurposing the most (0.430), followed by environmental (0.340), and finally social (0.230) (Figure 5). Industry advisors, government agencies, community members, and local governments followed this pattern, although the weights they assigned to each attribute differed. Faculty members, the mining company, and local non-profits valued environmental aspects the most. Although social aspects were valued the least in general, the mining company placed the highest importance on them (0.306) compared to the other stakeholder groups. Community members’ preferences were the closest to the combined decision at this level.



At Level 3—economic criteria—the combined group decision valued (Figure 6) contribution to society slightly higher (0.540) than the economic performance of the new facility (0.460). However, industry advisors, government agencies, and local governments shared similar views at this level and valued economic performance more. Faculty members’ and community members’ preferences were also aligned, with similar weights on contribution to society (0.685 and 0.627, respectively). Among all groups, contribution to society was most important to local non-profits (0.838), and economic performance was most important to industry advisors (0.656). The mining company’s preferences were the closest to the combined decision at this level.



At Level 3—social criteria—the combined group decision valued (Figure 7) employment slightly higher (0.534) than the community impacts of the new facility (0.466), although faculty members and local non-profits valued community impacts more than employment. Among all groups, employment was most important to government agencies (0.726), and community impacts were most important to local non-profits (0.727).



At Level 3—environmental criteria—the order of importance for the combined group decision was air pollution (0.376), waste (0.266), resource consumption (0.214), and land use (0.144), with all stakeholder groups placing air pollution as the top priority (Figure 8). The mining company and local non-profits diverged from the combined group decision, with the mining company placing waste as the next highest priority followed by land use and resource consumption, and the local non-profits placing more emphasis on land use followed by resource consumption and then waste. Faculty members’ and industry advisors’ preferences were particularly close to each other, and community members’ preferences were the closest to the combined decision at this level.



At Level 4, under contribution to society, the combined group decision valued investments in public services more (0.608) than income tax payments by the new facility (0.392) (Figure 9). The prioritization of investments in public services was prevalent among local non-profits (0.873), faculty members (0.778), community members (0.756), the mining company (0.656), and government agencies (0.553). Income tax payments were more of a concern to local governments (0.627) and industry advisors (0.602). The faculty members’ and community members’ preferences were similar at this level, while industry advisors and local governments shared similar values.



At Level 4, under economic performance, the group valued the revenue of the new facility the most (0.528), followed by the time until full capacity (0.245), and production capacity (0.227) (Figure 10). At this level, all stakeholder groups except faculty members valued revenue more than the other two attributes; faculty members were the only group who valued time until full capacity (0.432) more than revenue (0.389). Government bodies’ preferences were similar at this level, while industry advisors and the mining company shared similar values.



At Level 4, under community impacts, the group placed more importance on nuisance (0.622) than traffic (0.378); however, governmental bodies prioritized traffic more than nuisance (Figure 11). Faculty members’ and community members’ preferences were similar, as well as to the combined decision at this level. Industry advisors and the mining company also shared similar values.



At Level 4, under employment, the group prioritized the annual salary provided by the new facility (0.400) over the number of employees (0.388) and number of job types (0.212) (Figure 12). Government agencies, the mining company, and local non-profits mirrored this order of importance. The mining company valued annual salary considerably higher (0.678) than the other groups while local governments did the same for number of job types (0.357). Industry advisors’ and community members’ preferences were similar at this level, while government agencies’ views were the closest to the combined decision.



At Level 4, under resource consumption (Figure 13), the group prioritized the new facility’s energy use (0.431) over the energy supplied by renewables (0.351) and recycled input materials (0.218) (Figure 13). Industry advisors, government agencies, the mining company, and local non-profits mirrored this order of importance, while faculty members, communities, and local governments valued energy supplied by renewables more than the other resource consumption attributes.



At Level 4, under waste (Figure 14), all stakeholder groups, except local non-profits, valued the new facility’s waste production (0.640) more than untreated tailings (0.360), with waste production emerging as a significant concern to community members (0.802) (Figure 14). Local non-profits placed equal weights to both attributes. Faculty members’, industry advisors’, and local governments’ preferences were similar to each other, as well as to the combined decision at this level. Government agencies and the mining company also shared similar views.



These results show that different stakeholder groups have different opinions about what constitutes sustainable development. Understanding different stakeholder views on sustainable repurposing is essential as a feedback loop for decision makers and may impact the design of repurposing alternatives. No matter which repurposing alternative is selected, it might be beneficial to modify the project design or plan in some way to specifically address the higher importance placed on some parameters of sustainable repurposing. This would lead to a more transparent and representative closure planning that addresses stakeholder concerns.



Convergent and Divergent Views within Stakeholder Groups


To understand the level of variability of views within stakeholder groups, we assessed the ranges in weights (i.e., the difference between the maximum and the minimum weights) assigned by stakeholder groups to each sustainable repurposing parameter (Table 2).



Overall, differing perspectives within each stakeholder group increased from Level 2 (sub-goals) to Level 4 (attributes), demonstrating more heterogeneity within groups as the parameters became more specific. At Level 2, there was greater alignment within each group on the importance of the social sub-goals, and at Level 3, there was greater alignment on the importance of the environmental criteria. At Level 4, the respondents within each stakeholder group were most aligned in their prioritization of specific economic attributes.



At Level 2, there was greater disagreement within all stakeholder groups except community members, on the importance of economic aspects. Within most groups, there was more heterogeneity in perspectives on the value of economic and social criteria at Level 3 and environmental attributes at Level 4. In general, economic parameters generated the most diversified views among community members and the most aligned views among local non-profits. Economic attributes, income tax payments and investment in public services were in large part not aligned within most stakeholder groups except local non-profit members who were almost in perfect agreement with each other (0.067 range). The group with the closest views on the importance of attributes under economic performance (i.e., time until full capacity, production capacity, and revenue) was industry advisors, while there was much less alignment in these parameters within the remaining stakeholder groups. In general, social parameters generated the most diversified views among local governments and the closest views among local non-profits. Faculty members held the closest perspectives on the importance of the social attributes under employment (i.e., annual salary, number of employees, and number of job types), and government agencies and the mining company representatives also shared relatively close internal views on these topics. In general, industry advisors and government bodies held the most diverse perspectives on environmental parameters, while faculty members’ views were the most closely aligned. The environmental criteria at Level 3 created an area of general agreement within all responding groups. The importance of the environmental attributes under waste (i.e., untreated tailings, and waste production) created considerable heterogeneity within all stakeholder groups except the community members.



Overall, local non-profits and the mining company had the closest views among their members while local governments and community members had the greatest diversity among their groups. This is to be expected since non-profits and mining companies operate under particular and shared charters across their organizations. The higher heterogeneity among the community members is consistent with our findings in the previous section where community members’ views were generally in line with the combined group decision, and it reinforces the literature on the heterogeneity of communities and mineral developments [118,119,120,121,122].



The more responses are collected, the more representative the assessment will be of the wider public’s view. Furthermore, we suggest that the more heterogenous the views are in a stakeholder group, the more members of those groups should be involved in the evaluation to mitigate subjectivity in decision-making methods such as MADA. Since community members are a larger and more heterogeneous group than the other groups, instead of considering community members as one stakeholder group, it would be useful to breakdown the community members into smaller groups (e.g., women, vulnerable groups, lions clubs, and other groups that emerge within the community) identified before and during the assessment. Another approach could be to breakdown the community based on demographic and socio-economic attributes (e.g., education, job type, age, income).



For the mining company, areas where there are more divergent perspectives, could signal topics to focus on during future stakeholder engagements. This could help shape more sustainable post-mining land uses.





4.2. Overall Ranking of the Repurposing Alternatives


The combined decision of all stakeholders showed that shrimp provided the highest utility in terms of sustainable repurposing followed by hemp and then tailings (Figure 15). However, each repurposing alternative had different strengths and weaknesses. For example, tailings was particularly strong in terms of economic utility, but weak in environmental and social utility (Figure 16). Additionally, both shrimp and hemp were strongest in environmental utility and less so in social and economic utility. Interestingly, a different repurposing scenario was the strongest alternative for each dimension. Shrimp would provide the highest environmental utility, tailings would provide the highest economic utility, and hemp would provide the highest social utility among all scenarios.



Different Rankings for Different Stakeholder Groups


As a result of the different weights assigned to the sub-goals, criteria, and attributes by different stakeholder groups, the ranking of repurposing alternatives also varied for each stakeholder group (Figure 17). The rankings of community members, the mining company, local non-profits, and faculty members were in line with each other and with the combined decision of all stakeholders ranking shrimp first, hemp second, and tailings third. Industry advisors and local governments ranked tailings first, hemp second, and shrimp third, and government agencies ranked tailings first, shrimp second, and hemp third.



Ranking of the alternatives changed depending on the analysis of the decision makers’ preferences and values. Even though some stakeholder groups shared the same ranking, the utility scores of the alternatives differed based on the importance given to certain sustainability aspects. Industry advisors and government bodies all ranked tailings first, which may have been expected considering they all prioritized the economic aspects, whereas one may not have expected the mining company to prioritize environmental aspects more and that shrimp and hemp would be their top two choices. These data point to the complicated task of determining what sustainability means to different people. It raises important questions, such as how to reconcile different perceptions of sustainability and how to create what is often referred to as “shared value” for productive and sustainable post-mining land use [5,8,10,14,21,27,30,31]. The results also show the impact and importance of soliciting feedback from a variety of groups and actors within those groups.





4.3. Sensitivity of the Results


4.3.1. Sensitivity to the Weights


Figure 18 summarizes a sample of the sensitivity analysis that demonstrates the effect of changing the weights assigned to the economic, environmental, and social sub-goals at Level 2 (refer to the goals hierarchy—Figure 4). The results suggested that shrimp’s score was sensitive to the changes in the weights of economic and environmental aspects of sustainability repurposing but was more robust to the changes in the weight of social aspects. The hemp and tailings scores were sensitive to the changes in the weights assigned to all sub-goals.



The results indicated that decreasing the weight assigned to the economic sub-goal would not change the rank ordering of alternatives. Increasing the weight on the economic sub-goal by 5% (i.e., increasing it to 0.452 from 0.430) would also not change the ranking. However, increasing it by 10% would make tailings the second- and hemp the third-ranked alternatives. Increasing the weight by 15% would make tailings the second and hemp the third. Finally, increasing the weight by 20% (0.516) would make tailings the first, shrimp the second, and hemp the third, and the rank ordering would not change beyond this point.



Increasing the weight allocated to the environmental sub-goal would not change the ranking. Decreasing it by 5% (i.e., decreasing it to 0.323) or by 10% would also not change the ranking. However, decreasing it by 15% would make tailings the second and hemp the third, and decreasing by 20% (0.272) would maintain this rank ordering. Finally, decreasing its weight by 25% (0.255) would make tailings the first, shrimp the second, and hemp the third, and the rank ordering would not change unless the weight allocated to the environmental sub-goal drops to 0.0425, which is highly unlikely.



Increasing the weight allocated to the social sub-goal would not change the ranking unless it is increased by 74% (i.e., increasing it to 0.400 from 0.230), which would make hemp the first and shrimp the second. Decreasing its weight would also not change the ranking unless it is decreased by 30% (i.e., decreasing it to 0.159), which would make tailings the second and hemp the third, and the rank ordering would not change beyond this point.



Overall, these results show that the ranking of repurposing alternatives was the most sensitive to the changes in the importance attached to the economic aspects while it was much more robust to the changes in the weight of social aspects of sustainable repurposing. Additionally, shrimp had the most robust ranking while the rankings of hemp and tailings were more prone to changing. The sensitivity analysis could also be performed for the lower levels of the goals hierarchy, but since the changes in ranking were not dramatic at Level 2, we did not analyze the lower levels.




4.3.2. Sensitivity to the Stakeholder Groups’ Composition


We conducted two different “what-if scenarios” to understand the impacts of the smaller sample size of individuals within each stakeholder group on the final group decision, as well as the smaller number of stakeholder groups compared. The results showed how robust the scores and rankings of alternatives were to the changes in our respondent sample. For the first scenario, we identified two faculty members, two industry advisors, two government agencies, two mining company representatives, two local non-profits, four community members, and three local government members as the outliers, whose perspectives diverged from other group members. We removed these outliers and calculated the utility score, the mean, and the range (i.e., how much the utility score varied) for each alternative (Table 3). The original ranking obtained for the combined group decision did not change for any of the simulations, although shrimp’s utility score varied the most, while hemp’s score varied the least.



The results for removing one respondent at a time (Table 4) and removing one stakeholder group at a time (Table 5) showed that the original ranking obtained for the combined group decision remained for all 48 simulations. However, the removal of particular stakeholder groups showed some rather predictable patterns. For example, the removal of industry advisors, government agencies, and local governments increased shrimp’s utility score the most, and decreased tailings’ score the most (Table 5). This was consistent with the preference ranking of these two groups. Similarly, the removal of faculty members and local non-profits decreased shrimp’s score the most, as they were the two groups that assigned the highest scores to shrimp. The removal of local governments changed the scores the most, which might suggest that they were the group whose views differed the most from the combined group decision. On the other hand, the removal of community members changed the scores the least, which reinforces this group’s heterogeneity and best reflects the combined group decision. This suggests that larger numbers of community members must be more engaged in decision making about post mining land uses [118,123,124].



The fact that the rankings of the different alternatives did not change with any of the simulations shows that this sustainability assessment was relatively robust with this group of people. Although hemp had the most robust utility score according to the what-if scenarios and shrimp had the least, shrimp always ranked first, showing its strength in terms of stakeholder perspectives on sustainability. The results also demonstrate that the challenge itself produced some innovative repurposing ideas that could contribute to sustainable development.



In general, MCDM and MADA have been criticized for being subjective in terms of their implementation, and being prone to manipulation, as they are dependent on the judgments of decision makers [125,126,127,128]. On the other hand, the proponents of MCDM claim that it provides a systematic, transparent approach that improves objectivity and generates reproducible results [125,128,129]. Although MADA might be subjective in terms of how it is implemented, our analyses attempted to eliminate subjectivity by systematically selecting the indicator set, including sufficient representation from each stakeholder group in our sample, and conducting the sensitivity analysis. A strong post mining land use alternative should always rank first regardless of the responder combination, which happened with shrimp in this case.






5. Conclusions


We provided and utilized a decision support method to evaluate the sustainability of three different repurposing scenarios for the tailings dam area of a mine that is approaching closure. We evaluated how different repurposing scenarios can contribute to sustainable development, identified the strengths and weaknesses of each scenario, and determined which scenario better reflected the preferences of stakeholders and would result in the most economically, environmentally, and socially sustainable outcomes. Through the application of our method, we also provided potentially useful information for the decision-making process, such as different stakeholder perceptions of aspects of sustainability, as well as areas of agreement and disagreement. For example, stakeholder perspectives were more closely aligned for social aspects on a high level (at Level 2), but this alignment shifted to environmental (Level 3) and economic aspects (Level 4) for more detailed issues. Additionally, we found that the repurposing phase of the mining life cycle was not considered as much as other phases in the literature for developing sustainability indicators because only a small set of indicators were relevant and could be selected for this study out of our large sustainability indicator set. This is in line with the findings of Pimentel et al. (2016), and it shows how sustainability indicators generally have not considered closure and post-closure impacts in forward-looking projections [43].



Our results show that stakeholders have different ideas about what constitutes sustainable development and different views may arise even within the same stakeholder group. Hence, ranking of the alternatives change depending on the decision maker’s preferences and values. At this point and time and with our sample size, shrimp was ranked as the first in the actual survey results, as well as in every simulation we ran. This shows our assessment’s robustness with this group of people and shows shrimp’s strength in terms of supporting sustainability. The results reflect the “consensus” of stakeholders, and they point to which repurposing alternative better addresses the stakeholders’ values and needs [34]. We recognize that our study reached a limited number of respondents, and if this were to be a real-life exercise, achieving a larger sample size would be beneficial for a more thorough sustainability assessment. The more responses are collected, the more accurate and representative will be the assessment of the general public’s view. In selecting the sample of respondents, considering the variability of views within stakeholder groups would be beneficial to ensure more involvement of stakeholder groups with higher variability.



Ernst & Young recently named “environmental and social” as the number one business risk for the mining industry, specifically pointing to the need to progressively plan for mine closure to respond to intensifying stakeholder pressure [130]. We believe that efforts to achieve more responsible and sustainable mine closure and repurposing could help address these risks and increase mining’s contributions to the Sustainable Development Goals (SDGs) beyond the life-of-mine. For instance, to avoid the negative impacts of the boom-and-bust cycle on mining communities, mining companies could support non-mining livelihood opportunities and microfinance initiatives, which might help mining contribute to SDG 1 (no poverty) [131]. Considering and assessing post-closure land use or repurposing alternatives in closure planning, by involving stakeholders in decision making, might serve mining better in contributing to SDG 11 (sustainable cities and communities). Transparent and representative closure planning that involves the discussion of repurposing alternatives and responds to stakeholder concerns might also lead to good community relations and prevent potential company–community conflicts, strengthening mining’s contribution to SDG 16 (peace, justice, and strong institutions) [132].



The mining industry has been criticized for being slower than other sectors in incorporating innovation in their operations and practices [4,24,133], and this constitutes an important business risk for the mining industry [24]. Our results demonstrated that out of the three winners of the student challenge, shrimp farming provided the most sustainable and innovative repurposing.



We showed that with adequate representation from a variety of stakeholders, a robust assessment, and innovative repurposing alternatives, it is possible to identify projects that meet the most important stakeholder concerns and expectations while also providing the most sustainable outcomes. We conclude that responsible and sustainable mine closure and repurposing should be unique to settings and needs of various stakeholders, incorporate stakeholder preferences, and adopt a holistic approach that addresses environmental, social, and economic issues.
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Table A1. Survey Questions.





	
QUESTIONS

	
ANSWER CHOICES






	
Demographic Information

	




	
What is your age?

	
Under 18

18–24

25–34

35–44

45–55

Over 55

Prefer not to answer




	
To which gender identity do you most identify?

	
Female

Male

Transgender Female

Transgender Male

Gender Variant/Non-conforming

Not listed [with a space if they want to specify]

Prefer not to answer




	
What is the highest degree or level of school that you have completed? (If you are currently enrolled in school, please indicate the highest degree you have received)

	
Less than a high school diploma

High school diploma or equivalent

Bachelor’s degree (e.g., BA, BS)

Master’s degree (e.g., MA, MS, MEd)

Doctorate (e.g., PhD, EdD)

Other (please specify)

Prefer not to answer




	
Which stakeholder group do you identify with the most?

	
Local community member

Faculty member

Industry advisor for the challenge

Government agency

Non-governmental organization

Other (please specify)

Prefer not to answer




	
ECONOMIC—Financial Contributions and Economic Performance




	
Q1.

Option A: The new facility’s income tax payments

Option B: New facility’s investments in public services for the community (e.g., road maintenance, housing assistance)

Q2.

Option A: The time it will take for the new facility to reach its maximum production amount

Option B: The maximum number of products that the new facility can produce

Q3.

Option A: The time it will take for the new facility to reach its maximum production amount

Option B: The amount of money the new facility makes from the sales of their goods and services

Q4.

Option A: The maximum number of products that the new facility can produce

Option B: The amount of money the new facility makes from the sales of their goods and services

Q5.

Option A: Contributions to Society (i.e., taxes and public services)

Option B: Economic Performance

	
(The answers below apply to all remaining questions)

Preference Direction (Dropdown menu):

A is more important than B

B is more important than A

Both are EQUALLY important

Prefer not to answer

Intensity of Importance (Dropdown menu):

SLIGHTLY more important

MODERATELY more important

STRONGLY more important

EXTREMELY more important

Does not apply

Prefer not to answer




	
SOCIAL—Community Impacts and Employment

	




	
Q6.

Option A: Nuisances (e.g., odor) or hazards (e.g., fire) that may arise from the new facility and could impact the nearby communities

Option B: The potential traffic volume around the project site

Q7.

Option A: Annual salary offered for employees by the new facility

Option B: Number of employees that can work in the new facility

Q8.

Option A: Annual salary offered for employees by the new facility

Option B: Number of different job types offered by the new facility

Q9.

Option A: Number of employees that can work in the new facility

Option B: Number of different job types offered by the new facility

Q10.

Option A: Negative community impacts (i.e., nuisances, hazards)

Option B: Employment

	
(Same as above)




	
ENVIRONMENT—Waste, Emissions, Resource Consumption, and Land Use




	
Q11.

Option A: The new facility’s energy use

Option B: The amount of energy that the new facility obtains from renewable energy resources such as solar roof panels

Q12.

Option A: The new facility’s energy use

Option B: The amount of recycled materials used by the new facility to produce their products

Q13.

Option A: The amount of energy that the new facility obtains from renewable energy resources such as solar roof panels

Option B: The amount of recycled materials used by the new facility to produce their products

Q14.

Option A: The amount of unremoved mine waste remaining in the new project area after 15 years

Option B: The amount of waste to be produced by the new facility

Q15.

Option A: Air Pollution (The amount of gases released to the air by the new facility)

Option B: Total land area used by the new facility

Q16.

Option A: Air Pollution (The amount of gases released to the air by the new facility)

Option B: Resource Consumption

Q17.

Option A: Air Pollution (The amount of gases released to the air by the new facility)

Option B: Amount of waste produced by the new facility

Q18.

Option A: Total land area used by the new facility

Option B: Resource Consumption

Q19.

Option A: Total land area used by the new facility

Option B: Amount of waste produced by the new facility

Q20.

Option A: Resource Consumption

Option B: Amount of waste produced by the new facility

	
(Same as above)




	
General Aspects of Sustainability (Sub-goals)

	




	
Q21.

Option A: Economic Aspects

Option B: Environmental Aspects

Q22.

Option A: Economic Aspects

Option B: Social Aspects

Q23.

Option A: Environmental Aspects

Option B: Social Aspects

	
(Same as above)
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Figure 1. The locations of the Henderson Mill and Mine. The total land footprint of the mine and mill is 5180 hectares. Source: Google Earth. 
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Figure 2. Research methodology flowchart. 
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Figure 3. Number of respondents by stakeholder group. 
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Figure 4. The goals hierarchy constructed for MADA. 
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Figure 5. Weight assigned by stakeholder group at Level 2—sustainable repurposing sub-goals. 
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Figure 6. Weight assigned by stakeholder group at Level 3—economic criteria. 
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Figure 7. Weight assigned by stakeholder group at Level 3—social criteria. 
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Figure 8. Weight assigned by stakeholder group at Level 3—environmental criteria. 
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Figure 9. Weight assigned by stakeholder group at Level 4—attributes: contribution to society. 






Figure 9. Weight assigned by stakeholder group at Level 4—attributes: contribution to society.



[image: Resources 11 00066 g009]







[image: Resources 11 00066 g010 550] 





Figure 10. Weight assigned by stakeholder group at Level 4—attributes: economic performance. 
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Figure 11. Weight assigned by stakeholder group at Level 4—attributes: community impacts. 
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Figure 12. Weight assigned by stakeholder group at Level 4—attributes: employment. 
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Figure 13. Weight assigned by stakeholder group at Level 4—attributes: resource consumption. 
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Figure 14. Weight assigned by stakeholder group at Level 4—attributes: waste. 
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Figure 15. The overall ranking result reflecting the combined decision of all stakeholders. 
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Figure 16. Utility scores of repurposing alternatives for economic, social, and environmental aspects. 
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Figure 17. Ranking of repurposing scenarios by stakeholder groups. 






Figure 17. Ranking of repurposing scenarios by stakeholder groups.



[image: Resources 11 00066 g017a][image: Resources 11 00066 g017b]







[image: Resources 11 00066 g018a 550][image: Resources 11 00066 g018b 550] 





Figure 18. Sample sensitivity analysis results that show the effects of changes in weights assigned to sub-goals (figures adapted from Logical Decisions software, v8.0, Gary Smith, Fairfax, VA, USA). 
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Table 1. Indicator set used in this study.






Table 1. Indicator set used in this study.





	
Code

	
Indicator

	
Verbiage Used in the Survey






	
ECONOMIC INDICATORS




	
Ec1

	
Corporate income taxes and royalties paid at full capacity

	
The new facility’s income tax payments




	
Ec2

	
Extent of community and infrastructure investments

	
New facility’s investments in public services for the community (e.g., road maintenance, housing assistance)




	
Ec3

	
Number of years it will take to reach the full capacity from the day the production begins

	
The time it will take for the new facility to reach its maximum production amount




	
Ec4

	
Annual production capacity at full capacity

	
The maximum number of products that the new facility can produce




	
Ec5

	
Annual revenue at full capacity

	
The amount of money the new facility makes from the sales of their goods and services




	
SOCIAL INDICATORS




	
S1

	
Potential nuisance and more significant risks that may affect local communities.

	
Nuisances (e.g., odor) or hazards (e.g., fire) that may arise from the new facility and could impact the nearby communities




	
S2

	
Road use and traffic load compared to the baseline

	
The potential traffic volume around the project site




	
S3

	
Average annual salary of full-time workers

	
Annual salary offered for employees by the new facility




	
S4

	
Number of full-time and hourly based employees at full capacity

	
Number of employees that can work in the new facility




	
S5

	
Number of different job types offered on site

	
Number of different job types offered by the new facility




	
ENVIRONMENTAL INDICATORS




	
En1

	
Expense of anticipated energy consumption

	
The new facility’s energy use




	
En2

	
Proportion of heating energy that the new facility can potentially supply by renewables on-site

	
The amount of energy that the new facility obtains from renewable energy resources such as solar roof panels




	
En3

	
Potential percentage of recycled input materials

	
The amount of recycled materials used by the new facility to produce their products




	
En4

	
Total amount of untreated tailings in 15 years

	
The amount of unremoved mine waste remaining in the new project area after 15 years




	
En5

	
Waste production potential

	
The amount of waste to be produced by the new facility




	
En6

	
Estimated total air emissions

	
Air Pollution (The amount of gases released to the air by the new facility)




	
En7

	
Area used for production

	
Total land area used by the new facility
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Table 2. Convergent and divergent views within stakeholder groups: higher ranges (shown in orange and red) indicated more divergent views/disagreement among the respondents within each stakeholder group on the importance of a particular parameter, and lower ranges (shown in green and yellow) indicated closer alignment.






Table 2. Convergent and divergent views within stakeholder groups: higher ranges (shown in orange and red) indicated more divergent views/disagreement among the respondents within each stakeholder group on the importance of a particular parameter, and lower ranges (shown in green and yellow) indicated closer alignment.





	
Level (L)

	
Aspect

	
Parameter

	
Range in Assigned Weights within Stakeholder Groups




	
Faculty Members

	
Industry Advisors

	
Government Agencies

	
Mining Company

	
Local Non-Profits

	
Community Members

	
Local Governments

	
All Respondents






	
L2

	
Econ

	
Economic Aspects

	
0.496

	
0.369

	
0.443

	
0.284

	
0.597

	
0.634

	
0.720

	
0.731




	
L2

	
Soc

	
Social Aspects

	
0.347

	
0.349

	
0.141

	
0.108

	
0.262

	
0.376

	
0.406

	
0.431




	
L2

	
Env

	
Environmental Aspects

	
0.372

	
0.353

	
0.361

	
0.205

	
0.481

	
0.681

	
0.459

	
0.681




	
L3

	
Econ

	
Contribution to Society

	
0.375

	
0.800

	
0.333

	
0.625

	
0.400

	
0.775

	
0.708

	
0.800




	
L3

	
Econ

	
Economic Performance

	
0.375

	
0.800

	
0.333

	
0.625

	
0.400

	
0.775

	
0.708

	
0.800




	
L3

	
Soc

	
Community Impacts

	
0.708

	
0.750

	
0.375

	
0.708

	
0.400

	
0.775

	
0.775

	
0.800




	
L3

	
Soc

	
Employment

	
0.708

	
0.750

	
0.375

	
0.708

	
0.400

	
0.775

	
0.775

	
0.800




	
L3

	
Env

	
Air pollution

	
0.349

	
0.419

	
0.456

	
0.067

	
0.198

	
0.337

	
0.377

	
0.575




	
L3

	
Env

	
Land use

	
0.099

	
0.302

	
0.443

	
0.225

	
0.488

	
0.310

	
0.104

	
0.513




	
L3

	
Env

	
Resource Consumption

	
0.186

	
0.477

	
0.238

	
0.170

	
0.220

	
0.386

	
0.435

	
0.513




	
L3

	
Env

	
Waste

	
0.344

	
0.296

	
0.063

	
0.160

	
0.255

	
0.332

	
0.329

	
0.423




	
L4

	
Econ

	
Income tax payments (Ec1)

	
0.375

	
0.708

	
0.625

	
0.333

	
0.067

	
0.625

	
0.733

	
0.800




	
L4

	
Econ

	
Investment in public services (Ec2)

	
0.375

	
0.708

	
0.625

	
0.333

	
0.067

	
0.625

	
0.733

	
0.800




	
L4

	
Econ

	
Time until full capacity (Ec3)

	
0.554

	
0.198

	
0.215

	
0.376

	
0.593

	
0.321

	
0.252

	
0.638




	
L4

	
Econ

	
Production capacity (Ec4)

	
0.261

	
0.200

	
0.625

	
0.195

	
0.205

	
0.564

	
0.548

	
0.659




	
L4

	
Econ

	
Revenue (Ec5)

	
0.483

	
0.122

	
0.515

	
0.291

	
0.662

	
0.658

	
0.406

	
0.710




	
L4

	
Soc

	
Nuisance (S1)

	
0.775

	
0.400

	
0.625

	
0.375

	
0.067

	
0.750

	
0.583

	
0.775




	
L4

	
Soc

	
Traffic (S2)

	
0.775

	
0.400

	
0.625

	
0.375

	
0.067

	
0.750

	
0.583

	
0.775




	
L4

	
Soc

	
Annual salary (S3)

	
0.375

	
0.625

	
0.241

	
0.337

	
0.705

	
0.561

	
0.593

	
0.729




	
L4

	
Soc

	
Number of employees (S4)

	
0.394

	
0.580

	
0.423

	
0.214

	
0.599

	
0.346

	
0.534

	
0.664




	
L4

	
Soc

	
Number of job types (S5)

	
0.049

	
0.435

	
0.215

	
0.364

	
0.273

	
0.389

	
0.628

	
0.665




	
L4

	
Env

	
Energy Use (En1)

	
0.556

	
0.717

	
0.689

	
0.511

	
0.712

	
0.691

	
0.684

	
0.743




	
L4

	
Env

	
Energy supplied by renewables (En2)

	
0.434

	
0.598

	
0.563

	
0.685

	
0.512

	
0.640

	
0.604

	
0.685




	
L4

	
Env

	
Recycled input materials (En3)

	
0.400

	
0.278

	
0.376

	
0.380

	
0.363

	
0.262

	
0.549

	
0.632




	
L4

	
Env

	
Untreated tailings (En4)

	
0.583

	
0.775

	
0.775

	
0.775

	
0.500

	
0.400

	
0.666

	
0.775




	
L4

	
Env

	
Waste production (En5)

	
0.583

	
0.775

	
0.775

	
0.775

	
0.500

	
0.400

	
0.666

	
0.775
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Table 3. Results of What-if Scenario 1.






Table 3. Results of What-if Scenario 1.





	
Alternative, Original Ranking, Original Utility Score

	
Utility Scores for What-If Scenario 1: Removing the Outliers in Each Stakeholder Group




	
Faculty Members

	
Industry Advisors

	
Government Agencies

	
Mining Company

	
Local Non-Profits

	
Community Members

	
Local Governments

	
Mean

	
Range

(Max–Min)






	
Shrimp, 1st, 0.598

	
0.587

	
0.601

	
0.605

	
0.597

	
0.581

	
0.590

	
0.604

	
0.595

	
0.024

(0.605–0.581)




	
Hemp, 2nd, 0.538

	
0.526

	
0.541

	
0.541

	
0.534

	
0.531

	
0.535

	
0.542

	
0.536

	
0.016

(0.542–0.526)




	
Tailings, 3rd, 0.492

	
0.507

	
0.488

	
0.487

	
0.494

	
0.506

	
0.502

	
0.486

	
0.496

	
0.021

(0.507–0.486)
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Table 4. Results of What-if Scenario 2-a.






Table 4. Results of What-if Scenario 2-a.





	
Alternative, Original Ranking, Original Utility Score

	
Utility Scores for What-If Scenario 2-a: Removing Each Respondent




	
Maximum Score

	
Minimum Score

	
Mean

	
Range

(Max–Min)






	
Shrimp, 1st, 0.598

	
0.606

	
0.587

	
0.597

	
0.019




	
Hemp, 2nd, 0.538

	
0.544

	
0.531

	
0.537

	
0.013




	
Tailings, 3rd, 0.492

	
0.502

	
0.486

	
0.494

	
0.016
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Table 5. Results of What-if Scenario 2-b.






Table 5. Results of What-if Scenario 2-b.





	
Alternative, Original Ranking, Original Utility Score

	
Utility Scores for What-If Scenario 2-b: Removing One Stakeholder Group at a Time




	
Faculty Members

	
Industry Advisors

	
Government Agencies

	
Mining Company

	
Local Non-Profits

	
Community Members

	
Local Governments

	
Mean

	
Range

(Max–Min)






	
Shrimp, 1st, 0.598

	
0.581

	
0.622

	
0.613

	
0.587

	
0.575

	
0.589

	
0.617

	
0.598

	
0.047

(0.622–0.575)




	
Hemp, 2nd, 0.538

	
0.532

	
0.539

	
0.546

	
0.521

	
0.532

	
0.541

	
0.553

	
0.538

	
0.032

(0.553–0.521)




	
Tailings, 3rd, 0.492

	
0.507

	
0.477

	
0.481

	
0.510

	
0.508

	
0.497

	
0.474

	
0.493

	
0.036

(0.510–0.474)
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