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Abstract 

The paper presents supplementary information about the framework and method for the 

socio-technical multi-criteria evaluation (STMCE) of spent fuel management strategies (Sci 

Total Environ, In press; Available on EarthArXiv at DOI:10.31223/X5459S). The STMCE 

approach consists of (i) a multi-criteria evaluation that provides an ordinal ranking of 

alternatives based on a list of criterion measurements; and (ii) a social impact analysis that 

provides an outranking of options based on the assessment of their impact on concerned 

social actors. STMCE can handle quantitative, qualitative or both types of information. It 

can also integrate stochastic uncertainty on criteria measurements and fuzzy uncertainty on 

assessments of social impacts. This paper presents (1) a detailed discussion about the social 

multi criteria evaluation framework on which STMCE is based; (2) a review of existing 
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multi-criteria techniques and previous applications to nuclear waste management; and (3) a 

detailed description of the mathematical procedures used in the STMCE method. 

Keywords: radioactive waste; geological disposal; interim storage; multi-criteria analysis; 

conflict analysis; impact assessment 

 

Appendix B. Supplementary method 

B.1. Framework 

Multi-criteria decision analysis (MCDA) emerged as a sub-discipline of operational 

research also known as “the science of decision making” (Gass, 1983; Hillier and 

Lieberman, 2015). MCDA provides a framework for stakeholders to structure their 

thoughts about the pros and cons of different decision options. Formally, a MCDA method 

can take the following definition: “A multi-criteria method is an aggregate of all 

dimensions, objectives (or goals), criteria (or attributes) and criterion scores used. This 

implies that what formally defines a multi-criteria method is the set of properties 

underlying its aggregation convention” (Munda, 2008, p. 6). Because the types and 

properties defining the aggregation convention can vary broadly, many MCDA approaches 

and methods are available to decision makers that can be applied to a virtually infinite 

number of specific decision problems often requiring the method to be adapted to each 

situation (Doumpos et al., 2019; Greco et al., 2016). Despite their differences, MCDA 

methods all aim to address the trade-offs between decision options by means of a 

mathematical convention that explicitly evaluates multiple conflicting criteria. However, as 

pointed by Munda (2008, p. 7): “In general, in a multi-criterion problem, there is no 
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solution optimizing all the criteria at the same time (the so-called ideal or utopia solution) 

and therefore compromise solutions have to be found.” This is particularly true of decision 

problems that convey potential health and environmental risks such as the remediation and 

management of hazardous substances. 

To address this issue, the social multi-criteria evaluation approach has been 

developed for policy evaluation and conflict management in environmental and public 

policy decisions (Munda, 2019). This approach has already demonstrated its applicability in 

different typologies of decision problems and in various geographical and cultural contexts 

(Greco and Munda, 2017). These include economic development of regions and cities, rural 

electrification, food production, water resources management, aquatic systems protection, 

coastal zone management, environmental management in arid regions. For a recent review 

of real-world applications of the social multi-criteria evaluation approach, see Munda 

(2019). 

One of the main advantages of social multi-criteria evaluation—in contrast to 

MCDA—is its ability to deal with various conflicting evaluations by achieving the 

comparability of incommensurable dimensions and values. In particular, the social multi-

criteria evaluation approach extends the multiple criteria decision support to also include 

the concept of social actor, thus allowing for an integrated analysis of the problem at hand 

(Munda, 2008, 2004). However, unlike other participatory or stakeholder engagement 

approaches, Munda’s approach considers public participation as a necessary but not a 

sufficient condition for successful evaluation (Munda, 2004). In addition to participation, 

transparency also increases the chances of successful public policy decisions (Stiglitz, 
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2002). A social multi-criteria evaluation process will be transparent if, in representing a 

given decision problem, the assumptions used, the interests and values considered are 

declared (Munda, 2004). Munda’s social multi-criteria evaluation also seeks to overcome 

the pitfalls of technocratic approaches to decision support by allowing the integration of 

different methods of sociological research. That is, social multi-criteria evaluation primarily 

aims at searching for compromise solutions by highlighting distributional conflicts among 

options and social actors. By searching for compromise solutions rather than optimal 

solutions, social multi-criteria evaluation acknowledges that scientific knowledge and 

technological systems are themselves social constructions (Bijker et al., 2012; Jasanoff, 

2006). 

In operational terms, the social multi-criteria evaluation process consists of seven 

main steps that are presented in Fig. B.1. The process starts with a description of the 

relevant social actors (step 1), which can include an institutional analysis. Then, the process 

defines the social actors’ values, desires and preferences (step 2) performed either through 

focus groups, interviews or questionnaires. This is an essential, yet very difficult, step of 

the social multi-criteria evaluation process because of the ambiguity of capturing what 

people really think as well as the difficulty of considering a statistically representative set 

of members for each relevant social actor. The process accounts for such ambiguity by 

introducing the notion of fuzzy uncertainty in the analysis. The generation of policy options 

and selection of evaluation criteria (step 3) are based on the information collected in step 2. 

Ideally, this should be a process of co-creation resulting from a dialogue between analysts 

and relevant social actors. Although the definition of the evaluation criteria is mainly the 
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task of the analysts, they should provide a technical translation of the social actors’ needs, 

preferences and desires. The construction of the multi-criteria impact matrix (step 4) is, by 

far, the most data intensive step of a social multi-criteria evaluation process, especially 

when it deals with a broad range of dimensions of analysis (e.g., technical, economic, 

safety, environmental dimensions). The multi-criteria impact matrix synthesises the 

performance of each alternative according to each criterion. Then, the construction of a 

social impact matrix (step 5) allows one to complete the multi-criteria impact matrix based 

on the criteria, although the criterion scores (i.e., the expected outcome of each option are 

assigned a numerical score on a strength of preference scale for each criterion, generally 

extending from 0 to 100) are not determined directly by the social actors. The social impact 

matrix ensures that the technical translation, operationalized by the analysts in the multi-

criteria evaluation, is checked against an assessment of the social actors’ preferences. 

Combining a technical multi-criteria impact (or evaluation) matrix with a social impact 

matrix is a desired property of a social multi-criteria evaluation process (Greco and Munda, 

2017; Munda, 1995). 

 The next step applies a mathematical procedure (or algorithm) (step 6) that 

aggregates the criterion scores and generates a final ranking of the proposed alternatives. 

Many aggregation methods exist, each with its own advantages and disadvantages (Greco 

et al., 2016). Finally, the sensitivity and robustness analysis (step 7) seeks to look at the 

sensitivity of the ranking to the exclusion/inclusion of criteria, criterion weights and 

dimensions (Saltelli et al., 2008). Although this is mainly a technical step, it also includes a 
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social component, as the inclusion/exclusion of a given dimension, or set of criteria, reflects 

the social debate and deliberation among social actors (Greco and Munda, 2017). 

Although Munda’s approach is a step-wise process, it differs from other multi-

criteria frameworks that typically work iteratively towards a final (optimal) alternative. In 

the social multi-criteria evaluation approach, the iteration concerns the overall process by 

searching for compromise solutions once distributional conflicts between the technical 

performance and social impact have been highlighted by the analysis. In addition, the seven 

steps proposed by Munda are not fixed. Indeed, a central tenet of social multi-criteria 

evaluation is to allow flexibility and adaptability to the actual decision problem. 

 

B.2. Existing methods 

We now review the different existing multi-criteria analysis techniques and discuss 

their previous applications to the nuclear waste management decision problem. We focus 

on their relevance to nuclear waste management from a social conflict resolution 

perspective. A detailed review of existing multi-criteria analysis techniques is available 

from the UK Department for Communities and Local Government (2009). 

Using a comprehensive bibliometric database of over 30,000 scientific articles 

about nuclear waste management published during the 1979–2017 period (Diaz-Maurin et 

al., 2019), we could identify only very few papers applying multi-criteria analysis 

techniques in this area. This can be explained by the fact that nuclear waste management is 

mainly the responsibility of governments that generally do not publish their methods and 

results in the scientific literature. 

https://doi.org/10.31223/X5459S


Refer to as: Diaz-Maurin, F.; Yu, J.; Ewing, R.C. Socio-technical multi-criteria evaluation 

of long-term spent nuclear fuel management strategies: A framework and method. Science 

of the Total Environment In press. Available at: 10.31223/X5459S. 

 

 

8 

Formally, nuclear waste management can be considered as a discrete multi-criteria 

problem for which a finite number of feasible options is known—from storage at reactor 

sites, to interim storage at another site and/or to disposal in a deep geologic repository. A 

multi-criteria approach to nuclear waste management will thus consist in ranking these 

feasible options based on a set of evaluation criteria. An alternative approach could be to 

frame nuclear waste management as a continuous decision problem with multiple 

objectives at once and no clear way of deciding which one should be the objective function 

and the rest be represented as constraints (DCLG, 2009). The main objective of such 

approach, called multiple objective decision-making (MODM), thus is the search for 

efficient solutions. In practice, like with MAUT, this technique consists of maximizing the 

decision maker’s overall goal (objective) as a function of the decision variables while this 

objective function is limited by the other functional constraints characterizing the operating 

environment. Yet, MODM methods, like standard MCDA techniques searching for optimal 

solutions, focus on the perspectives of the decision-makers; thus, they exclude from the 

analysis the concept of social actor that is crucial in nuclear waste management decision 

problems. We exclude continuous multi-criteria analysis methods. We also exclude from 

this review other standard multi-criteria analysis techniques, such as non-compensatory 

direct estimation methods and linear additive models, that do not address decision problems 

from a social conflict resolution perspective involving multiple actors. 
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 Discrete multi-criteria techniques 

Among the main techniques proposed to solve a discrete multi-criteria problem, the 

multi-attribute utility (or value) theory (MAUT) and outranking methods have been the 

most popular (Greco and Munda, 2017). MAUT methods seek to determine a utility (or 

value) function defined on the set of feasible alternatives and, then, to maximize this 

function (Keeney and Raiffa, 1976; Keeney and von Winterfeldt, 1994; Merkhofer and 

Keeney, 1987). To be operational, the function maximization in MAUT must assume the 

complete compensation of criteria and dimensions. The compensation assumption requires 

the method to resolve any trade-off appearing between non-equivalent dimensions of 

analysis. Yet, in practice, trade-offs between criteria and dimensions cannot be easily 

determined due to the unavoidable incommensurability of values and ambiguity of 

preferences, particularly across different social actors. In social decisions, trade-offs must 

rather be negotiated between social actors and, then, translated by the analysts. In its 

simplest and most common analytical form, MAUT uses a linear aggregation rule. Among 

the applications of MAUT, the analytic hierarchy process (AHP) developed by Saaty 

(1980) is the most popular. Concerns have been raised about the theoretical foundations of 

the AHP and some of its properties, especially regarding the problem of rank reversal. 

Rank reversal occurs when, by simply adding another option to the list of options being 

evaluated, the ranking of two other options, although unrelated to the new one, can be 

reversed (DCLG, 2009). 

In contrast, outranking methods are based on the concept of partial comparability. 

Among the many methods available, ELECTRE (Roy, 1996) and PROMETHEE (Brans et 
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al., 1986) are the most commonly used. Outranking methods consist in comparing criteria 

by means of partial binary relations based on indexes of concordance/discordance and then 

to aggregate these relations (Greco and Munda, 2017). Several approaches exist to generate 

and treat outranking relations depending on the type of decision problem at hand. 

Outranking methods also differ about the type of data inputs they can use; either 

quantitative, qualitative—precise or imprecise—or mixed data (DCLG, 2009). Among 

available outranking methods for environmental management and policy, the NAIADE 

method originally developed by Munda (1995) is of particular relevance to the nuclear 

waste management decision problem. NAIADE uses an impact matrix that may include 

crisp, stochastic or fuzzy measurements of the performance of an alternative with respect to 

an evaluation criterion (Greco and Munda, 2017). The STMCE approach presented in this 

paper extends the original NAIADE method (Munda, 1995) for the aggregation convention 

and Munda’s more recent work (Munda, 2012) that introduces weights as importance 

coefficients both for criteria and social groups. The main issue with outranking methods 

concerns its dependence on the arbitrary definitions of what precisely constitutes 

outranking and how the threshold values are set can be manipulated by the decision makers 

(DCLG, 2009). To address this issue, the social multi-criteria evaluation process—and by 

extension the STMCE method presented in this paper—must include the participation of 

concerned social actors in the problem framing, the selection of alternatives, criteria and 

threshold values, as well as for the assessment of the social impact of each alternative. 
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 Previous applications 

We now discuss previous applications of discrete multi-criteria analysis methods to 

nuclear waste management issues in the United States and in other countries, as 

summarized in Table B.2. 

 

Applications using MAUT methods 

In 1982, Saaty published a study applying his newly developed AHP method to the 

comparison of different high-level nuclear waste disposal concepts proposed by the U.S. 

DOE (Saaty and Gholamnezhad, 1982). As this application was made from the sole 

perspective of the U.S. DOE, it allowed the analysts to assume the complete compensation 

of the performance of health, safety, and environmental impacts with costs and political 

considerations. Moreover, they also assigned weights to each disposal strategy considered 

in order to translate the priorities and preferences of DOE. The analysis concluded on 

geological disposal being the best alternative available over, in decreasing order of 

performance, space disposal, very deep borehole disposal, island disposal, and sub-seabed 

disposal. As deep, mined geologic repositories was considered by the scientific community 

as the best technical solution for the disposal of radioactive materials since the late 1950s 

(National Research Council, 1957), it is not clear whether this application had any impact 

on the U.S. waste disposal strategy. This example shows that, to be effective, the MAUT 

approach requires that trade-offs can be decided upon internally. This may be the case of 

entrepreneurial or technocratic decisions for which a decision-maker can be clearly 

identified and will take responsibility for the decision outcome; but it will hardly be the 
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case in environmental management and public policy affected by social, political and legal 

conflicts, such as commercial spent fuel management in the United States. 

A few years later, in 1985, with many sites under consideration for a geologic 

repository, the U.S. DOE performed a multi-attribute utility analysis (MUA) to rank sites 

(US DOE, 1986). DOE’s MUA method was a direct application of the MAUT approach. 

After reviewing a draft of the MUA method, the National Research Council’s Board on 

Radioactive Waste Management (BRWM) emphasized that the MUA methodology would 

be best applied only as a decision-aiding tool complemented by additional factors and 

judgements before making a final decision about what sites to characterize through a 

performance assessment (US NWTRB, 2015). The BRWM eventually considered the 

approach appropriate to integrate technical, economic, environmental, socioeconomic, and 

health and safety issues, despite stating that it had not reviewed the data and judgments on 

which the conclusions of the MUA would be based. A technical critique of DOE’s MUA 

method was eventually published that listed limitations typical of multi-criteria analysis 

methods (Merkhofer and Keeney, 1987) and that Keeney and von Winterfeldt (1994) 

attempted to resolve in a refined MUA methodology.  

Following the BRWM review, DOE then applied its proposed MUA method to 

compare five sites—three salt sites, the Hanford site in Washington state and the Yucca 

Mountain site in Nevada. These sites were evaluated against pre- and post-closure 

performance outcomes. After applying a composite aggregation, the MUA method ranked 

the Yucca Mountain site first, followed by the three salt sites, and then, lagging behind, by 

the Hanford site (US DOE, 1986). The Secretary of Energy then recommended President 
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Reagan to select three sites for in-depth characterization, including the Hanford site. Yet, as 

the debate moved to political and legal grounds, the Secretary recommendations were 

challenged in Congress. At one instance, a Committee investigation found that DOE had 

modified the weighting on the various components—effectively assigning low weighting to 

post-closure safety—which the Committee interpreted as supporting the selection of the 

Hanford site over the three salt sites. Members of Congress insisted that the decision to 

select a geologic repository shall be based on the soundest scientific and technical 

judgments possible, to which the DOE responded that the MUA method was by no means 

capable of providing “scientific evidence” that would somehow be devoid of “judgment” 

(US NWTRB, 2015). In this view, DOE did not have to necessarily select the top-ranked 

sites identified by the MUA. 

The multi-attribute evaluation process carried out by DOE in 1985-86 was only a 

step in a lengthy site selection process that, as it turned out, was subsequently replaced by 

the 1987 Nuclear Waste Policy Act Amendments, which narrowed the scope of DOE’s 

investigation to a single site, Yucca Mountain in Nevada. Yet, it reveals the different 

possible interpretations about the role of a multi-criteria analysis in a decision-making 

process. This example illustrates the importance of being explicit—and transparent—about 

the purpose of a multi-criteria analysis rather than focusing on developing a sophisticated 

method. 

More recently, Sandia National Laboratories and Argonne National Laboratory 

compiled a comprehensive initial set of potential nuclear waste management system 

attributes (Kalinina and Samsa, 2016). This work sought to prepare the development of a 
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waste management system multi-objective evaluation framework (MOEF) based on the 

MUA approach. Using inputs from past studies that involved the participation of various 

external stakeholders, this work defined over 130 attributes organized in a hierarchal 

structure. As of writing, it is not clear whether DOE and the national laboratories are 

pursuing their effort to develop the MOEF system. However, given MOEF is sought to help 

inform policy options and system analysis scenarios at the national level, it is not clear 

how, in practice, it would include the participation of stakeholders at this level; especially 

how it would deal with stakeholders’ differing goals and perspectives in a framework that 

searches for the maximization of one overall utility function. 

 

Applications using outranking methods 

In the 1990s, with the development of outranking methods in Europe, the 

PROMETHEE and ORESTE methods were applied to nuclear waste management. The first 

application by Briggs and colleagues (1990) treated the full nuclear waste management 

process (interim storage, transport and geologic disposal) for all types of radioactive waste 

materials (LLW/ILW, HLW and SNF). However, the method focused only on the financing 

methods as a mean to rank sites, without an assessment of their technical suitability. 

Moreover, because PROMETHEE methods are based on a complete compensation 

assumption (Table B.1), the authors acknowledged that different alternatives could only be 

assessed against a small number of strongly conflicting criteria, because otherwise too 

many trade-offs would be introduced in the analysis. In a second application, Delhaye and 

co-workers (1991) proposed the ORESTE method as an alternative to PROMETHEE but it 
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is essentially the same as the first application (both papers have one author in common) and 

focuses on the financing of nuclear waste management options. The third application by 

Petraš (1997) focused on the selection of sites for the surface disposal facilities of low- and 

intermediate-level nuclear waste (LLW/ILW); hence it does not include interim storage and 

geologic disposal. As LLW and ILW represent larger volumes as compared with high-level 

waste (HLW) and spent nuclear fuel (SNF), the study was performed from a land use 

management perspective; hence not from a social conflict resolution approach. 

 

Applications using other methods 

In their conceptual study, Atherton and French (1998) proposed a discounted utility 

theory (DUT) approach as a way to address long-term nuclear waste management. The 

DUT method is a normative discounting model to account for the value of the decision 

maker’s relationship to the different time frames. Such approach that deals with multiple 

time periods thus seems particularly relevant to nuclear waste management requiring to 

make decisions with consequences over long periods of time—from decades for interim 

storage to thousands of years for geologic disposal. However, the major problem with this 

approach is that it is impossible—at least very difficult—to make a judgement about the 

values of future generations and, especially, how to deal with the trade-offs between 

present values and future outcomes. This approach, that focuses on maximizing utility, thus 

faces issues of inter- and intra-generational ethics about how to treat technological risk and 

duties to future generations (Shrader-Frechette, 2000). 
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More recently, Morton and colleagues (2009) reviewed the multi-criteria decision 

analysis of different management options by the UK’s Committee on radioactive waste 

management (CoRWM). In the process of defining its MCDA method, CoRWM found 

itself focusing on the trade-off between flexibility and burden of ongoing maintenance of 

storage. This trade-off between short-term and long-term objectives is a common issue in 

nuclear waste management. Yet, in the case of CoRWM, it is unclear whether and how it 

resolved the problem of trade-offs—a crucial issue for any MCDA. As it appears, the 

CoRWM decision analysis experience, so far, focused on discussing the role option 

assessment using MCDA approach should have in decision process, but did not get to the 

point of applying or developing such methods (Morton et al., 2009). 

In parallel, Xu (2009) proposed a different method that is based on the evidential 

reasoning (ER) decision approach to assess two potential repository options for low- and 

medium-level short-lived waste in Belgium. Yet, like MAUT methods, the ER decision 

approach searches for the maximization of a utility function for each criterion and then 

performs a linear weighted aggregation of these functions. As such, the ER approach 

implies a total linear compensation among criteria that is not a desirable property in social 

multi-criteria evaluation (Table B.1). 

Finally, most recently, Schwenk-Ferrero and Andrianov (2017) proposed a MCDA 

framework for the comparison of nuclear waste management strategies based on a 

hierarchical objective structure. The authors reviewed different MCDA methods (such as 

MAVT/MAUT, AHP, TOPSIS, PROMETHEE) and selected the MAVT approach as their 

reference method for their application thus applying weights as tradeoffs between the 
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criteria. As explained, MAVT is not an appropriate approach for the comparison of nuclear 

waste management strategies from a social multi-criteria evaluation perspective. 

 

B.3. Method description 

 Socio-technical approach to spent fuel management 

Spent nuclear fuel management decisions require going through two types of filters: 

technical filters and social filters (Metlay and Ewing, 2014; US NWTRB, 2015). This is 

explained by the need to site facilities, such as geologic repositories for disposal and 

interim facilities for storage, that must be both technically sound and socially accepted. In a 

decision process, it does not matter which one of the technical or social filters is met first as 

long as both are satisfied. Yet, the two technical and social dimensions are interdependent 

(Diaz-Maurin and Ewing, 2018; US NWTRB, 2015). For instance, solutions for which the 

technical suitability can be demonstrated by relatively simple analyses may increase social 

acceptance; whereas, in site selection processes, specific site-suitability criteria are often 

added to account for the views of the public, thus, ultimately providing a societal content to 

the definition of technical suitability. In another example, the hypothesis by the U.S. 

National Academy of Sciences of a fundamental geologic regime remaining stable up to 

about one million years was used as a technical basis for introducing the one-million-year 

compliance period in the Yucca Mountain standards; thus responding to the societal 

demands for a longer regulatory period in the long-term safety demonstration (National 

Research Council, 1995). 

https://doi.org/10.31223/X5459S


Refer to as: Diaz-Maurin, F.; Yu, J.; Ewing, R.C. Socio-technical multi-criteria evaluation 

of long-term spent nuclear fuel management strategies: A framework and method. Science 

of the Total Environment In press. Available at: 10.31223/X5459S. 

 

 

18 

The STMCE method goes beyond this process by performing several multi-criteria 

evaluations according to technical and societal dimensions of analysis—and their 

combination. This allows one to highlight potential performance gaps between the technical 

and societal dimensions through the multi-criteria evaluation of options. In addition, 

potential conflicts between the preferences of the concerned actors are highlighted by the 

social impact analysis that translates the perceived impact of each option for each social 

actor. 

 

 Multi-criteria evaluation procedure 

Aggregation convention 

The socio-technical multi-criteria evaluation method consists of three 

complementary evaluations based on (1) a set of technical criteria, (2) a set of societal 

criteria, and (3) their combination. Each one of the multi-criteria evaluations is based on the 

same aggregation convention. We adapted the aggregation convention originally developed 

by Munda (2012, 2008). The multi-criteria evaluation consists of (1) the pairwise 

comparison of alternatives according to a set of criteria, and (2) the generation of an ordinal 

ranking of alternatives using the aggregated criterion scores. 

Formally, let us consider a set of evaluation criteria 𝐺 = 𝑔𝑚, 𝑚 = 1,2, … , 𝑀, and a 

finite set 𝐴 = 𝑎𝑛, 𝑛 = 1,2, … , 𝑁 of potential alternatives (options). Let us now start with the 

simple assumption that the performance (i.e., the criterion score) of an alternative 𝑎𝑛 with 

respect to a judgement criterion 𝑔𝑚 is based on an interval or ratio scale of measurement. 
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In order to rank alternatives, let us introduce an indifference threshold that indicates the 

degree of difference up to which two options are considered equivalent and, consequently, 

the degree of difference from which a preference relation exists. By defining a positive 

indifference threshold 𝑞, we can now define the resulting threshold model as:  

{
𝑎𝑗𝑃𝑎𝑘 ⟺ 𝑔𝑚(𝑎𝑗) > 𝑔𝑚(𝑎𝑘) + 𝑞

𝑎𝑗𝐼𝑎𝑘 ⟺ |𝑔𝑚(𝑎𝑗) − 𝑔𝑚(𝑎𝑘)| ≤ 𝑞
  (1) 

where 𝑎𝑗 and 𝑎𝑘 belong to the set 𝐴 of alternatives and 𝑔𝑚 to the set 𝐺 of evaluation 

criteria. 

In the threshold model, 𝑎𝑗𝑃𝑎𝑘 means that alternative 𝑗 is preferred over alternative 

𝑘 if the difference in the criterion scores between the two alternatives is greater than the 

indifference threshold 𝑞. Otherwise, the difference between the criterion scores is 

considered to be not significant and there is no preference between the two alternatives 

(i.e., 𝑎𝑗𝐼𝑎𝑘). 

Based on these indifference and preference relations between two alternatives, we 

can now construct an outranking matrix 𝐸 ∈ ℝ𝑀×𝑀 as:  

𝑒𝑗𝑘 = ∑𝑀
𝑚=1 (𝑤𝑚(𝑃𝑗𝑘) +

1

2
𝑤𝑚(𝐼𝑗𝑘))  (2) 

where 𝑤𝑚 belongs to a set of weights 𝑊 = 𝑤𝑚, 𝑚 = 1,2, … , 𝑀 that can serve as 

importance coefficients of the set of evaluation criteria 𝐺. However, in the analysis all the 

criteria are considered to have the same importance, so that no weighting coefficient is used 

(i.e., 𝑤𝑚 =
1

𝑀
 and ∑𝑀

𝑚=1 𝑤𝑚 = 1). By construction, it follows that 𝑒𝑗𝑘 + 𝑒𝑘𝑗 = 1. 
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The aggregated score 𝑟𝑗 for a given alternative 𝑗 is obtained by taking the sum of all 

the row entries in the outranking matrix 𝐸 as:  

𝑟𝑗 = ∑𝑘 𝑒𝑗𝑘  (3) 

The ranking of a given alternative 𝑗 can then be determined by the order of 𝑟𝑗 in the 

set of aggregated scores 𝑅 = 𝑟𝑛, 𝑛 = 1,2, … , 𝑁. The alternative with the highest aggregated 

score will be ranked first. 

 

Monte Carlo simulation 

A sensitivity and robustness analysis is used to generate the distribution of the 

possible rankings considering stochastic uncertainty on the criteria scores. For this, we use 

a Monte Carlo simulation to repeatedly run the multi-criteria evaluation based on randomly 

generated samples of criteria scores. This method allows us to determine the most likely 

ranking of alternatives, given a range of values for the criterion scores. 

For each Monte Carlo simulation, each criterion score is sampled from some 

unknown distribution, where the only known values are the score’s mean, minimum, and 

maximum. We assume that all criterion scores are normally distributed. While the mean for 

each distribution is known, the standard deviation is not given and must be estimated. We 

apply the “Three-Sigma Rule” that states that approximately 99.73% of all values of a 

normally distributed parameter fall within three standard deviations of the mean (Duncan, 

2000). We can thus estimate the standard deviation as:  

𝜎 =
𝐻𝐶𝑉−𝐿𝐶𝑉

6
  (4) 
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where 𝐻𝐶𝑉 (Highest Conceivable Value) and 𝐿𝐶𝑉 (Lowest Conceivable Value) 

represent the maximum and minimum values provided for the criterion score, respectively. 

To formalize the Monte Carlo sampling, let 𝐶 be the set of criterion scores. Let then 

𝑥𝑖, 𝜇𝑖, 𝐿𝐶𝑉𝑖, 𝐻𝐶𝑉𝑖 be the sampled value, mean, minimum, and maximum for criterion score 

𝑖 ∈ 𝐶, respectively. We can thus define the percentage deviation from the mean of the 

sampled value 𝑥𝑖 as:  

𝑑𝑖 = {

|𝑥𝑖−𝜇𝑖|

|𝜇𝑖−𝐿𝐶𝑉𝑖|
if|𝑥𝑖 − 𝜇𝑖| < 0

|𝑥𝑖−𝜇𝑖|

|𝜇𝑖−𝐻𝐶𝑉𝑖|
else

  (5) 

 

The procedure can also conduct post-sampling adjustments on the sampled values 

of criteria in two cases. First, when a normal distribution cannot be considered because the 

criterion values are fixed (“either/or” condition), the randomly generated values are set to 

the closest known values (mean, minimum or maximum). Second, when criteria correlated 

with one another, we consider the value sampled from one score’s distribution to be 

conditional on the value obtained from a correlated score’s distribution. We consider only 

linear correlations (direct or inverse) controlled by linear adjustment to the sampled values 

of correlated criteria. 

Formally, the post-sampling adjustment for criterion score 𝑖 is equal to the sum of 

deviations from its correlated criterion scores. Let 𝐽𝑖 = 𝑗: 𝑐𝑜𝑟𝑟(𝑖, 𝑗) ≠ 0; 𝑖, 𝑗 ∈ 𝐶 be the 

criterion scores that are correlated with 𝑖. The post-sampling adjustment is defined as 

adj𝑖 = ∑𝑗∈𝐽 𝑑𝑗. We can now define the final value after post-sampling adjustment as:  
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𝑥𝑖,adj = {
𝑥𝑖 + adj𝑖|𝜇𝑖 − 𝐿𝐶𝑉𝑖| ifadj𝑖 < 0

𝑥𝑖 + adj𝑖|𝜇𝑖 − 𝐻𝐶𝑉𝑖| else
 (6) 

 

We thus obtain a set 𝐶′ of randomly sampled and adjusted criterion scores that can 

be used in the multi-criteria evaluation. 

We conduct the Monte Carlo sampling in R (R Core Team, 2019) using the function 

set.seed that can reproduce the same sequence. That is, the runif function in R does not 

involve randomness per se, but is a deterministic sequence based on a random starting 

point. For instance, the seed number “2020” always returns the following sequence for the 

first four random variables: 

> set.seed(2020) 

> runif(4) 

[1] 0.6469028 0.3942258 0.6185018 0.4768911 

 

Each multi-criteria evaluation is thus performed 𝑛 times, where 𝑛 is the number of 

random samples of criteria scores required to obtain computational convergence of the 

rankings. The number of Monte Carlo random samples is determined empirically. 

 

 Social impact and conflict analysis 

Fuzzy cluster analysis 

To contrast the results of the multi-criteria evaluation, we perform an analysis of the 

social impact of the alternatives on the interests of the social actors. For this, we adapted 
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the same framework as proposed by Munda (2008, 1995). The impact of each alternative on 

each social actor is evaluated by the analysts based on their assessment of how they are 

impacted. This step can be done by reviewing available material and eventually by asking 

opinions through focus groups, interviews or questionnaires. The impacts are recorded by 

means of seven linguistic variables: “Very bad”, “Bad”, “More or less bad”, “Moderate”, 

“More or less good”, “Good”, and “Very good”. Formally, let 𝑋 represent the set of 

possible impacts. With this, we can obtain a social impact matrix 𝑆 ∈ 𝑋𝑃×𝑁, where 𝑃 is the 

number of social actors and 𝑁 is the number of alternatives. 

To make comparisons between linguistic variables, we compute their semantic 

distances using fuzzy sets. Fuzzy sets are based on the idea of introducing a degree of 

membership of an element with respect to some sets (Munda, 1995). Fuzzy sets are 

necessary in order to introduce some level of uncertainty within linguistic variables. That 

is, the measurement scale based on linguistic variables is not purely ordinal. Fuzzy 

uncertainty refers to the degree of ambiguity in the information about the system that 

generates fuzziness in the evaluation of the impact of alternatives on the social actors’ 

interests. Specifically, a semantic rule 𝑀 is used to associate a linguistic variable with its 

meaning and incorporates a compatibility (membership) function 𝜇: 𝑋 → [0,1] to represent 

the degree of membership. For instance, 𝜇𝑔𝑜𝑜𝑑 shows the degree to which a numerical 

score is compatible with the concept of good and equivalently 𝜇𝑔𝑜𝑜𝑑 may be viewed as the 

membership function of the fuzzy set good. Fig. B.2 shows the membership functions 

defining the fuzzy set for the seven linguistic variables used. 
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We then use the semantic distance 𝑆𝑑 between any pair of social actors as a conflict 

indicator (Munda, 2009). Let 𝜇1 and 𝜇2 be membership functions. Let 𝑓(𝑥) = 𝑘1𝜇1(𝑥) and 

𝑔(𝑦) = 𝑘2𝜇2(𝑥), where 𝑘1 and 𝑘2 are constants obtained by rescaling 𝜇1 and 𝜇2, 

respectively, such that:  

∫
+∞

−∞
𝑓(𝑥)𝑑𝑥 = ∫

+∞

−∞
𝑔(𝑦)𝑑𝑦 = 1.  (7) 

Furthermore, 𝑓(𝑥) ∈ 𝑋 = [𝑥𝐿 , 𝑥𝑈] and 𝑔(𝑦) ∈ 𝑌 = [𝑦𝐿 , 𝑦𝑈]. 𝑆𝑑 is then defined as:  

𝑆𝑑(𝑓(𝑥), 𝑔(𝑦)) = ∬
𝑥,𝑦

|𝑥 − 𝑦|𝑓(𝑥)𝑔(𝑦)𝑑𝑦𝑑𝑥 (8) 

 

In the case when the intersection of the two membership functions is empty, we 

have:  

𝑆𝑑(𝑓(𝑥), 𝑔(𝑦)) = |𝐸(𝑥) − 𝐸(𝑦)|  (9) 

 where 𝐸(𝑥) and 𝐸(𝑦) are the expected values of the two membership functions. 

When the intersection between the two fuzzy sets is non-empty, their semantic 

distance is actually computationally intractable by means of iterated integration (Munda, 

1995). Thus, we use a Monte Carlo type numerical procedure as in Munda (1995). The 

procedure is as follows: 

 

Algorithm 1: Numerical procedure to compute semantic distance 

1. Draw a random number 𝑟0 (0 ≤ 𝑟0 ≤ 1) 

2. 𝑥1 = 𝑟0𝑥𝐿 + (1 − 𝑟0)𝑥𝑈  

3. Draw a random number 𝑧0 (0 ≤ 𝑧0 ≤ max𝑓(𝑥)) 

4. If 𝑧0 > 𝑓(𝑥1) return to step 1; else move to next step 
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5. Draw a random number 𝑟1 (0 ≤ 𝑟1 ≤ 1) 

6. 𝑦1 = 𝑟1𝑦𝐿 + (1 − 𝑟1)𝑦𝑈  

7. Draw a random number 𝑧1 (0 ≤ 𝑧1 ≤ max𝑔(𝑦))  

8. If 𝑧1 ≤ 𝑔(𝑦1) compute |𝑥1 − 𝑦1|; else return to step 5 

 

This procedure is repeated 𝑛 = 1000 times, and the mean of all the computed terms 

is approximately equal to the distance between the two fuzzy sets. That is:  

𝑆𝑑(𝑓(𝑥), 𝑔(𝑦)) ≈
1

𝑛
∑𝑛

𝑖=1 |𝑥𝑖 − 𝑦𝑖|  (10) 

 

In the analysis, a generalization of the Minkowski p-metric with a Euclidean value 

metric 𝑝 = 2 (partial compensation) is applied (Munda, 2009). That is:  

𝑆𝑑(𝑓(𝑥), 𝑔(𝑦)) ≈
1

𝑛
(∑𝑛

𝑖=1 |𝑥𝑖 − 𝑦𝑖|
2)1/2  (11) 

 

By using the semantic distance described in Eq. (9) and (11) as a conflict indicator 

of the preferences among the social actors, we construct a similarity matrix for all possible 

pairs of actors. The similarity matrix 𝑠 ∈ [0,1]𝑃×𝑃, where 𝑃 is the number of social actors, 

is constructed by means of a simple transformation as:  

𝑠𝑖𝑗 =
1

1+𝑑𝑖𝑗
, 1 ≤ 𝑖, 𝑗 ≤ 𝑃  (12) 

 

From the similarity matrix, we can then create a dendrogram to visualize the level 

of similarity between the social actors based on their expressed option preferences. This 
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allows the social actors to learn the extent to which they agree on their preferences over 

different alternatives. For this, a fuzzy cluster algorithm can be used that synthesizes 

similarities/diversities among social actors (Munda, 2009). 

To generate the dendrogram, we use the hclust function that is the default 

hierarchical clustering method in R (R Core Team, 2019). This clustering method defines 

the distance between two clusters to be the maximum distance between their individual 

components. The hierarchical clustering process consists in making pair-wise comparisons 

of all elements of the similarity matrix 𝑠. At every step of the clustering process, the two 

nearest clusters are merged into a new cluster. The process is repeated until the whole data 

set is agglomerated into one single cluster. 

 

Ranking alternatives 

We can now combine the weights obtained for the social actors with the social 

impact matrix 𝑆, that represents each actor’s perceived impact from the alternatives. Like in 

section B.3.2, we first build an outranking matrix 𝐸 ∈ ℝ𝑁×𝑁 as:  

𝑒𝑗𝑘 = ∑𝑃
𝑝=1 (𝜆𝑝(𝑃𝑗𝑘) +

1

2
𝜆𝑝(𝐼𝑗𝑘))  (13) 

where a vector 𝛬 of weights is attached to the set of the 𝑃 social actors, indicating 

their relative importance, so that: 𝛬 = {λ𝑝},  p = 1,2, . . . , P, with ∑ 𝜆𝑝
𝑃
𝑝=1 = 1. In this 

framework, we consider an equal weighting assumption of actors (𝜆𝑝 = 1, ,  p = 1,2, . . . , P). 

We provide in the next section a possible procedure to attribute weights as importance 

coefficients to the various social actors. 

https://doi.org/10.31223/X5459S


Refer to as: Diaz-Maurin, F.; Yu, J.; Ewing, R.C. Socio-technical multi-criteria evaluation 

of long-term spent nuclear fuel management strategies: A framework and method. Science 

of the Total Environment In press. Available at: 10.31223/X5459S. 

 

 

27 

Again, to get the ranking of alternatives, we simply take the sum of all the row 

entries for a given alternative in the outranking matrix to get an aggregate score. For a 

given alternative 𝑗, the aggregated score 𝑟𝑗 = ∑𝑘 𝑒𝑗𝑘. The ranking is then determined by the 

order of the aggregate scores. 

The process described above is similarly performed for the 𝐾 coalitions formed by 

the dendrogram. The coalitions are extracted from the dendrogram using the cutree 

function in R. The number of coalitions 𝐾 is determined by the user after inspecting the 

results of the dendrogram. So, in addition to the ranking of alternatives for all social actors, 

𝐾 rankings are similarly made for each coalition. 

Last, we also calculate the number of options that a coalition can veto for all 𝐾 

coalitions. Here, we wish to identify the options that are considered “very bad” by certain 

groups so that we can better identify the stable solutions. We follow Moulin’s (1981) 

theorem, which says that any group with 𝑥 percent of social actors has the ability to veto up 

to 𝑥 percent of alternatives. This takes the form of a proportional veto function, which is 

defined as (Munda, 2009): 

𝑉𝑃,𝑁(𝑐𝑖) = (𝑁 ∙
|𝑐𝑖|

𝑃
) − 1  (14) 

where (𝑥) is the largest integer bounded below by 𝑥. Recall that 𝑃 is the number of 

social actors, 𝑁 is the number of alternatives, and 𝑐𝑖 is the 𝑖'th group out of the 𝐾 coalitions. 
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Weighting actors in the STMCE approach 

Any weighting of social groups requires a normative justification (Munda, 2008). 

STMCE uses an equal weighting assumption between criteria and dimensions. Because 

different dimensions are associated with different groups in society (Munda, 2008), if the 

selected criteria maximize exhaustiveness and minimize redundancy, then the equal 

weighting assumption is justified. However, when ranking alternatives based on the social 

impacts one must consider that not all social actors have the same levels of interest and 

influence in the decision problem, independently from how they may be impacted by each 

alternative. The weighting of social actors can thus be justified by the need to apply some 

type of importance/relevance coefficient to the concerned social actors, so that not all the 

impact evaluations will be treated equally in the ranking—contrary to the fuzzy cluster 

analysis. 

Munda (2009) attributed weights as importance coefficients to the various social 

actors. Formally, a vector 𝛬 of weights is attached to the set of the 𝑃 social actors, 

indicating their relative importance: 𝛬 = {λ𝑝},  p = 1,2, . . . , P, with ∑ 𝜆𝑝
𝑃
𝑝=1 = 1. Yet, in 

this approach, even if weights are introduced as importance coefficients, the vector 𝛬 is 

defined ad hoc by the analyst and, thus, can be contested by the concerned parties. In the 

STMCE method, we use another approach to attribute weights to the social actors using an 

explicit method to extract their relative importance, that is, based on the assessment of their 

relative level of stakes. 

In strategic management, power (or influence) refers to the ability of individuals or 

groups to persuade, induce or coerce others into following certain courses of action; 
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whereas interest (or stake) refers to ownership, right, wealth, benefit, risk, or any other 

tangible or intangible aspects that a given stakeholder considers as relevant and potentially 

affected, positively or negatively, by a given issue or decision (Johnson et al., 2008). We 

use a power/interest matrix of the social actors as a mean to generate weights. A 

power/interest matrix (also called “stakeholder map”) is a 2-dimensional plot in which 

social actors are positioned according to their estimated level of power and interest 

(Olander and Landin, 2005). In the power/interest matrix, the x-axis represents the level of 

influence (power) the actor has on the decision and the y-axis represents the actor’s level of 

interest (stakes) in the impact of that decision; the range of both axes is [0,1]. The 

power/interest matrix provides an intuitive way of positioning the social actors relatively to 

each other, allowing the analysts to obtain a natural and explicit weighting system. To 

avoid the issue of having to compensate power and interest (that are incommensurate), we 

consider weights only in relation the relative levels of interest (stakes) between actors (x-

axis). Our weighting system is thus derived from the relative positions of actors along the 

x-axis of the power/interest matrix. 

Formally, the weighting system for the social actors is as follows: 

1. We start with measuring the level of interest from the power/interest matrix. Let 

𝑧 ∈ ℝ𝑃, where 𝑃 is the number of social actors, be a vector that captures this 

information. 

2. We calculate a distance matrix 𝐷 ∈ ℝ𝑃×𝑃, where 𝐷𝑖𝑗 = 𝑧𝑖 − 𝑧𝑗 . That is, we 

obtain a matrix of the relative distances in interest level between the different 

social actors. 
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3. We then average the relative distances for each social actor in relation to the 

others as: 𝑟𝑝 =
1

𝑚
∑𝑗 𝐷𝑖𝑗, −1 ≤ 𝑟𝑝 ≤ 1. 

4. Finally, we obtain the weight of the social actor as: 𝜆𝑝 = 1 + 𝑟𝑝, 0 ≤ 𝜆𝑝 ≤ 2.  

One can confirm that the average weight of the social actors is 
1

𝑃
∑𝑝 𝜆𝑝 = 1. A 

value of 𝑟𝑝 = 0 would imply an equal weighting assumption (i.e., 𝜆𝑝 = 1). The weighting 

system consists in applying a deviation around this value. 

This weighting system can improve the social impact analysis by giving a degree of 

importance to social actors based on their estimated relative level of stakes in the decision 

problem and independently from how they may be impacted by each alternative. However, 

it requires the construction of a power/interest matrix of all actors for which estimated 

levels of interest may be affected by ambiguity and disagreement. An alternative weighting 

system can consist in estimating the stakes of each social actors by means of linguistic 

variables and treated as a fuzzy set, like for estimating the impacts of each alternatives. 
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Table B.1. Evaluation of main multi-criteria methods according to desirable properties for social multi-criteria evaluation. Source: 

after Munda (2008, Table 5.5), except for STMCE (this paper). 

 Comp. Imp. Coef. Mix. Inf. Simpl. Hier. Discr. Prob. Tresh. Confl. Anal. 

AHP High No No Low Yes No No No 

ELECTRE Low Not clear Partly Low No Yes Yes No 

NAIADE Medium No Yes Low No Yes Yes Yes 

PROMETHEE High No No Medium No Yes Yes No 

STMCE Medium Partly1 Partly2 Medium Yes3 Yes Yes4  Yes 

Abbreviations used: Comp., compensation; Confl. Anal., conflict analysis; Discr. Prob., discrete decision problem; Hier., hierarchy; 

Imp. Coef., importance coefficient; Mix. Inf., mixed information; Simpl., simplicity; Thresh., thresholds. Notes: (1) in the conflict 

analysis only; (2) across the multi-criteria evaluation and social impact (conflict) analysis only; (3) hierarchy of dimensions in the 

multi-criteria evaluation; (4) indifference thresholds only. 
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Table B.2. Comparison of previous applications of multi-criteria analysis methods for nuclear waste management.  

Abbreviations used: AHP, analytic hierarchy process; card., cardinal; deter., deterministic; CoRWM, UK’s Committee on radioactive 

waste management; DUT, discounted utility theory; ER, evidential reasoning; fuz., fuzzy; HLW, high-level waste; ILW, intermediate-

level waste; LLW, low-level waste; MAUT, multi-attribute utility theory; MAVT, multi-attribute value theory; MCDA, multi-criteria 

decision analysis; MUA, multi-attribute utility analysis; ord., ordinal; SNF, spent nuclear fuel; STMCE, socio-technical multi-criteria 

evaluation; unspec., unspecified. 

Reference Country Level Process Waste type Social 

actors 

Method Linear 

compensation 

effect 

Type of 

aggregation 

Type of 

preferential 

information 

Saaty and 

Gholamnezhad 

(1982) 

USA National Disposal HLW/SNF No AHP Partial Single 

criterion 

Deter., card., 

non-deter. 

U.S. Department 

of Energy (1986) 

USA National Disposal HLW/SNF Ad hoc MUA Partial Single 

criterion 

Deter., ord. 

Briggs et al. (1990) unspec. National Storage, 

disposal 

LLW/ILW, 

HLW/SNF 

No PROMETHEE Partial Outranking Deter., card., 

ord. 

Delhaye et al. 

(1991) 

unspec. National unspec. unspec. No ORESTE Partial Outranking Deter., ord. 

Keeney and von 

Winterfeldt (1994) 

USA National Disposal HLW/SNF No MUA Partial Single 

criterion 

Deter., ord. 

Petraš (1997) Croatia National Disposal LLW/ILW No PROMETHEE Partial Outranking Deter., card., 

ord. 

Atherton and 

French (1998) 

UK National Storage, 

disposal 

unspec. No DUT Partial Single 

criterion 

Deter., ord. 

CoRWM in 

Morton et al. 

(2009) 

UK National Storage, 

disposal 

LLW/ILW, 

HLW/SNF 

Ad hoc unspec. unspec. unspec unspec. 

Xu (2009) Belgium National Disposal LLW/ILW Yes ER Total Single 

criterion 

Deter., card., 

non-deter., ord. 

Kalinina and 

Samsa (2016) 

USA National Storage, 

disposal 

HLW/SNF Ad hoc MUA Partial Single 

criterion 

Deter., ord. 

Schwenk-Ferrero 

and Andrianov 

(2017) 

unspec. Local, 

multi-

national, 

regional 

Storage, 

disposal 

HLW/SNF Ad hoc MAVT Partial Single 

criterion 

Deter., ord. 

Diaz-Maurin et al. 

(2021)—this paper 

USA Local, state, 

regional 

Storage, 

disposal 

SNF Yes STMCE Partial Outranking Deter., card., 

non-deter., ord., 

fuz. 
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Figures 

 

 

Fig. B.1. Main steps of the social multi-criteria evaluation process (adapted from Munda, 

2009). 
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Fig. B.2. Membership functions of the linguistic variables (adapted from Munda, 2009). 

Note: Each membership function assumes a standard deviation 𝜎 =
1

6
 so that fuzziness 

exists only between linguistic variables that are directly adjacent. 
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