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ABSTRACT 

The water energy and food (WEF) nexus has gained particular attention given their 

entwinement from multiple resource and stakeholder perspectives. Holistic sustainable 

management of these resources is required. Technological and developmental solutions 

of multiple types exist to address this nexus. To achieve this holistic view of making 

the best decision requires transdisciplinary inputs. Transdisciplinarity requires inputs 

from multiple stakeholders including academic, governmental, community, and 

business stakeholders. Various goals, interests and preferences exist. Explicitly 

integrating these perspectives along with different drivers and resource bases adds to 

the complexity.  Using a joint neighborhood rough set, interval-valued hesitant fuzzy 

set, and regret theory technique we seek to structure and model the decision 

environment. An illustrative example that integrates the many stakeholders, and WEF 

sustainability (WEFS) nexus factors provides insights into modeling effort and data 

requirements. Utilizing a novel multi-stakeholder transdisciplinary decision 

engagement model sets the foundation for balancing the concerns. This approach 

supports the consideration of fuzzy evaluation, divergence preferences, and decision 

behavior of stakeholders is important in multiple stakeholder decision-making 

problems. 

Keywords: WEF nexus, Sustainability, Multi-Stakeholder, Evaluation, Rough set, 

Hesitant fuzzy set, Regret theory. 
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1. Introduction 

The notion of a water-energy-food (WEF) nexus gained recent and increased interest 

as a global research agenda and emerging development paradigm (Walker et al., 2014). 

The WEF nexus emerged in response to environmental -- climate change, resource 

shortage, and pollution -- and social transformations -- population growth, globalization, 

economic growth, and urbanization (Hoff, 2011).  

Various organizations and stakeholders have sought new technological and 

developmental solutions to adapt to these developing challenges including water, 

energy, and food security (Wichelns, 2017). An important and prominent problem in 

the WEF nexus is how to make the best decision in WEF resources management; to 

help mitigate any adverse effects on human and natural systems. Balancing WEF and 

sustainability together and the inconsistency of goals and interests of stakeholders is a 

‘wicked’ and complex problem. Wicked problems are complex with ill-defined 

boundaries and solutions, subject to multiple competing views, and conflicting values, 

with only a only partial comprehension of a problem by different actors (Artioli et al., 

2017). Research focusing on how to support decision-making at the nexus is virtually 

non-existent (Bai et al., 2016; Bazilian et al., 2011). Given the problem environment, 

along with policies, technologies and solutions locally optimal solutions to economic, 

security, or sustainability concerns are prevalent. 

At the core of WEF nexus debates are increased pressure on water, energy and food 

resource scarcities; with a recognition that these resources have interdependencies in 

resource production, distribution, and use (Endo et al., 2017; Hoff 2011). The potential 
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negative consequences of poor resources management include substantive economic, 

environmental, and social concerns.  

Researchers have recognized the vital importance of WEF nexus sustainability with 

some suggesting that WEF nexus efforts be core to the United Nations’ sustainable 

development goals (SDGs) (Giupponi and Gain, 2017; Boas et al., 2016; Rasul, 2016). 

The decision-making to address this issue is to understand and consider the 

multidimensional interdependencies, and reduce adverse impacts on economic, 

environmental, and social concerns. Hence, the first challenge of decision-making at 

the nexus is that resources management needs to be completed in a holistic fashion for 

synergies and trade-offs between water, energy, food and sustainability at various scales 

(Howells and Rogner 2014).  

Sustainability decision problems, alone have been described as complex (Bai and 

Sarkis, 2018a); they are very difficult to model and solve. These complexities increase 

at the broader WEF-Sustainability (WEFS) nexus. For example, sustainable 

agricultural cultivation should be interlinked with relevant water, energy, and land 

resources, increasing health and nutrition, safety, high-quality foods, decreasing 

environmental pollution, excessive use of fertilizers, climate effects to make the 

agricultural cultivation project sustainable in the long-run (Walker et al., 2014). 

Sustainable decisions for the WEFS nexus require multiple stakeholders’ involvement, 

typically across disciplines and institutions (Biggs et al., 2015; Bai et al., 2015).  

The WEFS nexus is a global priority, a large number of stakeholders exist and may 

include international organizations involved in nexus activities such as United Nation 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sustainable-development
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sustainable-development
https://www.sciencedirect.com/science/article/pii/S1462901116302970#bib0230
https://www.sciencedirect.com/science/article/pii/S1462901116302970#bib0060
https://www.sciencedirect.com/science/article/pii/S1462901116302970#bib0555
https://www.sciencedirect.com/science/article/pii/S0959652608000528#bib16
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agencies, institutes and NGOs, private companies, national governments and agencies, 

communities, and academic organizations (Endo et al., 2017). The WEFS nexus has 

been difficult to manage, including facilitation, implementation, and acknowledgement 

uniformly including goal and performance setting.  

The WEFS nexus faces a second challenge in decision-making due to the 

complexity and inconsistency of interests and preferences of stakeholders. Steering 

WEFS nexus towards a more sustainable path is an inherently transdisciplinary problem, 

requiring synergies and trade-offs between different scientific domains and 

stakeholders at large (Bergendahl, et al., 2018). 

In light of these challenges, the aim of this paper provides a model and tool for 

addressing WEFS nexus issues to support effective policy, solution designs, and 

decisions. This research makes three major contributions. First, this is one of the first 

studies to provide a multiple stakeholder decision making model for evaluation of 

WEFS nexus solutions. The second contribution is developing a holistic framework for 

WEFS nexus factors for evaluation consideration. Third, a transdisciplinary-focused 

approach, emphasizing fuzzy evaluation, satisfaction degree (SD) and decision 

behavior of stakeholders in a multi-stakeholder decision process, is developed using a 

joint neighborhood rough set (NRS) and interval-valued hesitant fuzzy set (IVHFS) and 

regret theory (RT). 

The paper first provides a conceptual and holistic framework for considering the 

WEFS nexus in relation to sustainability concerns for making decision more effective. 

There is an urgent need to assess the entire WEFS nexus spectrum as a basis for 
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exploring strategies and solutions to minimize negative impacts while enhancing the 

synergistic benefits. This framework focuses incorporate WEFS characteristics and 

goals. By defining a set of WEFS nexus factors, a more structured and quantitative 

comparison can be undertaken. The framework can be used to guide WEFS nexus 

solutions and projects, and supporting decisions.  

The paper introduces a transdisciplinary approach to support WEFS nexus decision 

making in multi-stakeholder contexts. IVHFS is introduced to deal with different fuzzy 

interests and preferences of stakeholders in complex and uncertain decision making 

environments (Xu and Xia, 2011). Fuzzy linguistic approaches using linguistic 

variables that encompass and express variational stakeholder preferences, are limited. 

In WEFS nexus decision environments, the stakeholders have differing expertise, 

interests, limited cognitive abilities, and to be able to provide a single linguistic term. 

The satisfaction degree (SD) is developed to consider the overall degree of stakeholders 

and the divergence degree among stakeholders. RT is introduced to consider 

stakeholders’ decision behavior under uncertain environments (Bell, 1982). The 

stakeholders may anticipate the possibility of feeling regret after the uncertainty an 

resolved and thus incorporate in their decision their desire to eliminate or reduce this 

possibility (Zhang et al., 2016). RT helps stakeholders to avoid selecting the solution 

causing great regret. The goal of this approach is to choose the best solution for 

maximizing benefits in WEFS nexus and minimizing conflicts among stakeholders 

based on the SD and decision behavior of multiple stakeholders. 

The remainder of this paper is organized as follows. Section 2 provides a brief 
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analytical overview focused on WEFS nexus, multi-stakeholder in WEFS nexus, multi-

stakeholder decision-making methods. Basic concepts associated with neighborhood 

rough sets, interval-valued hesitant fuzzy set and regret theory are then introduced in 

Section 3. In Section 4 a multi-stakeholder transdisciplinary approach is introduced to 

illustrate the feasibility and validity of the proposed approach to help practitioners and 

researchers understand model applicability. Results and sensitivity analyses examine 

the robustness of the approach in Section 5. The results are also evaluated with 

methodological and managerial implications identified. Limitations and opportunities 

for further research are discussed in Section 6. 

2. Literature review 

2.1 Water-energy-food nexus and sustainability 

Population growth, globalization, economic growth, urbanization, have caused 

unprecedented pressures on food, water, and energy resources (Rockström et al., 2009). 

WEF resources are all highly inter-connected (Bazilian et al., 2011). Many examples 

exist. Water plays a vital input role in both food and energy production. Energy is also 

required for food production and water supply management. Food can be an input of 

energy (e.g., bio-resources). Hence, the interdependencies among water, energy, and 

food are extant, complex, and multidimensional.  

The WEF nexus, identified by the World Economic Forum as a key development 

challenge, investigates interdependencies between water, energy and food (WEF, 2011). 

Understanding the interdependencies provides opportunities to increase resource use 

efficiency and ensure their security (Peng et al., 2013). The nexus perspective also 
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promotes interdisciplinarity and mutually beneficial strategies and solutions to 

environmental resources management (Scott et al., 2011), such that they can contribute 

to meeting future global population and economic growth needs. 

WEFS has also gaining in importance (Giupponi and Gain, 2017).  WEFS is the 

subject of increasing attention in research and practice (Bieber et al., 2018; Rasul and 

Sharma, 2016). The identification of crucial interdependences and potential 

sustainability implications in WEFS needs to be completed in a rational decision 

making environment (Ringler et al., 2013). 

The complex and uncertain interdependencies in WEFS result in new political, 

socio-economic, and practice challenges (Bai et al., 2018). Existing decision-making 

approaches are considered in isolation due to segmented planning and decision-making 

frameworks, with inadequate attention to the complex interdependencies that exist in 

and between WEFS (Pittock et al. 2013). Current practice often results in solutions 

creating unintended consequences, such as increased resource pressures and 

insecurities, thereby undermining sustainable development (Bizikova et al. 2013). 

Given the wicked problem nature of the issues, managing these resources needs to be 

completed in a holistic fashion ensuring strategic goals and solutions to achieve 

economic and social growth while meeting environmental goals (Bazilian et al., 2011). 

Even when strategies and solutions are planned and evaluated by considering 

multiple dimensions, few approaches have comprehensively addressed WEFS and its 

implications. We will develop a holistic framework to systematize the 

interdependencies in the WEFS nexus and provide factors to assess the strategies and 

https://www.sciencedirect.com/science/article/pii/S1462901116302970#bib0230
https://www.sciencedirect.com/science/article/pii/S0301421511007282#bib84
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solutions. This holistic framework seeks to optimize trade-offs and synergies of water, 

energy and food interdependencies, and recognizes economic, environmental, and 

social consequences. Hence, focus on system efficiency rather than the productivity of 

individual sectors to provide integrated solutions that contribute to water, energy and 

food security and sustainable development objectives (Bai et al., 2017; Hoff, 2011). 

Informed by actual cases of a few Nexus decisions, we provide a framework of the 

factors that need to be considered in an evaluation model. Potential factors for this 

decision environment are evidenced in the Food and Agriculture Organization (FAO) 

of the United Nations (see Figure 1).  

[FIGURE 1 ABOUT HERE] 

According to the targets and drivers set for the WEF Nexus, integrating the 

principles of sustainable development into policies and practices is one of the main 

goals for development solutions. Table 1 provides an overview of the WEFS Nexus 

factors for solutions. Factors include social, economic, and environmental goals for a 

given solution. The evaluation model can be used not only for solution, but general 

projects, supply chain designs, partner formation, or location decisions, as examples. 

This framework provides a rationale for addressing the nexus in a quantitative manner 

and presents a structured framework that can support effective decision making. 

[TABLE 1 ABOUT HERE] 

2.2 Stakeholder participation in WEFS nexus decision-making 

WEFS nexus problems are typically complex, dynamic, uncertain, and affect multiple 

stakeholders. Freeman (1984) defines a stakeholder as “any group or individual who 
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can affect, or is affected by, the achievement of the organization's objectives.” Multi-

stakeholders in WEFS nexus involve various actors from national or governmental 

organizations, international organizations, business and industry, civil society and 

media, and the private sector. These stakeholders encompass various interests and 

disciplines such as climate change, circular economy, urban and rural development, 

natural resource management, and security management (Endo, 2017). Stakeholders 

are central to the WEFS nexus planning and policy process. This context requires 

transdisciplinary integrated decision-making and achieving multi-stakeholder 

consensus for solutions in WEFS nexus, especially when sustainability is a goal (Garcia 

and You, 2016). 

For this reason, stakeholder participation in WEFS nexus decision-making has been 

increasingly sought from various scales (Reed, 2008). There are national and 

international conventions that outline the importance of addressing stakeholders and 

their concerns within decision-making. Several organizations also recognize the need 

to identify and address the concerns of their stakeholders in order to ensure their 

decisions are more socially acceptable and legitimate (Green and Hunton-Clarke, 2003). 

Allowing stakeholders access to WEFS nexus decision making is an integral part of 

long term solution success, in a business, social and environmental sense; thus helping 

a system move towards sustainable development (Spitzeck and Hansen, 2010).  

Despite stakeholder participation’s wide acceptance in the public sector, 

organizations are unsure of how best to implement it within their business processes. 

Due to complexity of WEFS nexus, few stakeholders are expert in all areas. Multiple 
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stakeholders and their differing, and often competing, interests define one of the central 

challenges of effective WEFS modeling. Hence, significant modeling insights and 

novel approaches are needed to appropriately integrate stakeholders and their 

conflicting interests.  

No work has considered multiple, conflict preferences among multiple stakeholders 

within the WEFS nexus decision making environment (Garcia and You, 2016). A 

transdisciplinary approach – which integrates a WEFS nexus perspective and 

stakeholders opinions into the decision method – is crucial for effective decision 

making. Here we define transdisciplinary as a research approach that includes multiple 

scientific disciplines (interdisciplinarity) focusing on WEFS nexus problems and the 

active input of stakeholders. This situation has led to efforts to make scientific decision 

in multi-stakeholder contexts, supporting the need for more stakeholders to provide 

useful information to assist WEFS nexus decision making. 

2.3 Decision methods and the WEFS nexus 

Given that uncertainties and complexity escalate in WEFS nexus environments, a 

holistic view of the issues with stakeholder involvement is important. Although several 

frameworks and methodologies for looking at the inter-linkages between water, energy 

and food exist (Mohtar and Daher, 2012, Bizikova et al., 2013), there is minimal work 

focusing on multi-stakeholder decision making approaches to support nexus decision-

making (Bazilian et al., 2011). 

Multi-stakeholder decision making is important for tackling sustainable decision 

making. Most studies allow stakeholders to assign weights to stakeholders, consider 

https://www.sciencedirect.com/science/article/pii/S0022169415009816#b0185
https://www.sciencedirect.com/science/article/pii/S0022169415009816#b0030
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relationships and hierarchies among stakeholders. AHP, PROMETHEE, TOPSIS, life 

cycle assessment and a group of other methods have been applied to support multi-

stakeholder sustainability decision making (Thabrew et al., 2009). The popularity of 

those methods are due to their convenience for stakeholder use. A combination of 

different methods from various decision making approaches has also gained popularity 

in studies on sustainable decision making (Bai and Sarkis, 2018b). These approaches 

help stakeholders evaluate conflicting criteria, communicate differing preferences, and 

rank or prioritize sustainability related solutions eventually arriving at decisions. 

In multi-stakeholder contexts, those approaches can incorporate the different 

interests and preferences of stakeholders in the assessment and decision making process, 

although, this can lead to more comprehensive, yet simple assessments (Bai et al., 2019). 

Some studies consider hierarchy, varying priorities, among stakeholders or provide 

voting power to some stakeholders (Soltani et al., 2015). A few studies considered both 

conflict and consistency among stakeholders. Stakeholders have diverse and often 

conflicting interests and values, which can make reaching an agreement on these 

elements very challenging. Conflict often rises when stakeholders express different 

preferences over factor of decision-making (De Feo and De Gisi, 2010). This can be 

considered as one of the shortcomings of existing studies on multiple stakeholder 

decision making approaches. Decision making studies should also discuss trade-offs 

between stakeholders rather just between criteria of concern. 

Most decision making approaches tend to be based on individual judgments rather 

than decision maker behaviors (Thabrew et al., 2009). A critical decision making 

https://www.sciencedirect.com/science/article/pii/S0956053X14004322#b0130
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process aspect is that stakeholders may evaluate various criteria not only based on their 

own preferences, but also based on potential solutions and preferences of others. 

Decision making approaches struggle to face many of these shortcomings. 

Emphasis stakeholder satisfaction and their decision behavior in the decision process is 

also important in evaluating the WEFS nexus decision. Using a joint neighborhood 

rough set, interval-valued hesitant fuzzy set, and regret theory technique, the WEFS 

nexus problem decision environment is structured with greater focus on multiple 

stakeholders and offering solutions to the issues of this decision environment.  

Hesitant fuzzy sets incorporate several different opinions into a quantitative setting 

(Torra and Narukawa, 2009). IVHFS can integrate information from various 

stakeholders in a formal fuzzy decision-making process to ensure that decision 

processes are fair and transparent. IVHFS also can be integrated with existing methods 

to address uncertainty by accommodating vagueness and ambiguity in human decision 

making (Oztaysi, 2014). 

RT has been successfully applied as a behavioral decision making model under 

uncertainity (Bell, 1982; Loomes and Sugden, 1982). RT has not been applied to the 

complex and uncertain environment for sustainability decision problems, nor WEFS 

nexus solutions selection situations. In addition, the decision-making approach in this 

paper introduces aggregation for multiple stakeholder inputs utilized in RT. 

3. METHODOLOGY 

The methodology integrates three formal modeling approaches into one multistage 

approach. The three approaches are neighborhood rough set theory (NRS), Interval-
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valued hesitant fuzzy set (IVHFS), and regret theory (RT).  Each is briefly introduced 

with general definitions in this section, to set the foundations for execution and 

integration in a later section.  

3.1 Neighborhood Rough Sets (NRS) 

Throughout this paper, let 〈U, C〉 be a decision table, where U= {x1, x2, … , xn} is 

called a sample space, C = {a1, a2, … , am} is a set of factors characterizing samples.  

Definition 1: Given an arbitrary xiU and BC, the neighborhood )( iB x  of xi in 

factor set B is defined as: 

( ) { | , ( , ) },B i j j B i jx x x U x x =              (1) 

where B  is a distance function based on the factor set B. For , ,i j kx x x U  , and 

satisfies the following four conditions: 

(1) ( , ) 0;

(2) ( , ) 0 ;

(3) ( , ) ( , );

(4) ( , ) ( , ) ( , );

i j

i j i j

i j j i

i k i j j k

x x

x x if and only if x x

x x x x

x x x x x x

 

 = =

 = 

   + 

      (2) 

Let vit denote the value of object i on attribute t, then a Minkowsky distance function 

may be defined as: 

1/

1

( , ) ( | | )
m

p p p

i j it jt

t

x x v v
=

 = −        (3) 

when p = 1 it is defined as a Manhattan distance; p = 2 is a Euclidean distance; and p 

=∞  is a Chebychev distance (Bai et al., 2012).   

3.2 Interval-valued hesitant fuzzy set (IVHFS) 

Definition 2: An IVHFS A   on X is defined in terms of a function 
( )Ah x

 , when 

applied to X returns a finite subset of some different interval values in [0, 1] (Farhadinia, 
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2013),  

{ , ( ) | }AA x h x x X=            (4) 

where 
( )={ | ( )}A Ah x h x  

 , is called an interval-valued hesitant fuzzy element 

(IVHFE), and represents the possible membership degrees of the element x X  to 

A  . 
=[ , ]  

  is an interval value and represents the lower and upper limits of γ̃, 

respectively. 

From a mathematical point of view, all the elements in each IVHFE 
( )Ah x

 are 

arranged in decreasing order, and then ( ) ( 1, , ( ( )))o

A Ah o l h x =  is referred to as the oth 

smallest value in IVHFE 
( )Ah x

, where ( ( ))Al h x  be the number of values in IVHFE 

( )Ah x
. 

Definition 3: For an IVHFE 
( )Ah x

, the score function is defined as follow based on 

(Wang et al., 2014). 

( )

1
( ( ))

( ( ))
A

A

h xA

s h x
l h x 




=          (5) 

Definition 4: For two IVHFEs 
( )Ah x

 and 
( )Bh x

, then the distance function between 

( )Ah x
 and 

( )Bh x
 is defined as follows: 

( ) ( ) ( ) ( )

1

1
( ( ), ( )) (| ( ) ( ) |+ | ( ) ( ) |)

2

l
o o o

AA

o

A BB B

o

hd x x h x h x h x h xh
l

   

=

= − −   (6) 

where l=max{ ( )), ( ( ))( A Bll h hx x  }. To have a correct comparison, the two IVHFEs 

( )Ah x
 and 

( )Bh x
 should have the same length l. Hence, the smaller value should be 

extended until it has the same number of elements as the larger one. For example, if 

( )) ( ( ))( A Bl lh hx x , then 
( )Ah x

 should be extended by adding the maximum value in 

it until it has the same number of elements with 
( )Bh x

 for optimistic anticipation of 
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desirable outcomes. On the contrary, 
( )Ah x

  should be extended by adding the 

minimum value in it until it has the same elements number with 
( )Bh x

  for a 

pessimistic expectation of unfavorable outcomes.  

3.3 Regret theory (RT) 

Definition 5 Let 1 2=v v v −  denote the difference in the utility value ( 1v
 and 2v

) of 

two objects ( 1x
 and 2x

), then the regret–rejoice function ( )R v  is defined as follows: 

 ( ) 1 vR v e −  = −         (7) 

where   is a risk aversion coefficient for a stakeholder. The greater the value of  , 

the greater the degree of risk aversion of a stakeholder.  When ( )R v  00,
 

( )R v  

denotes a rejoice value if decision makers select object 1x
 instead of object 2x

. When 

( )R v <0,
 

( )R v  denotes the regret value if decision maker selects object 1x
 instead 

of object 2x
.  

4. A MULTI-STAKEHOLDER TRANSDISCIPLINARY APPROACH 

In this section, an illustrative case provides insights into application of a multi-

stakeholder transdisciplinary approach that integrates neighborhood rough set, interval-

valued hesitant fuzzy set, and regret theory for evaluation and selection of an 

agricultural cultivation technique based on WEFS nexus factors.  

Agricultural cultivation typically faces limited energy and water resources, while 

aggravating global warming conditions, which results in lower food production using 

current techniques. Sustainable agricultural cultivation must carefully integrate water, 

energy, land resources and sustainable development to meet the food needs for the 9 

billion global inhabitants expected over the next 40 years (Finley and Seiber, 2014). 
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Without holistic solutions the entire agricultural cultivation system will only continue 

to face severe stress. Hence, sustainable agricultural cultivation techniques not only 

have goals of less energy and water resources use, but also requires producing healthy 

and nutritious, safe, high-quality, and sufficient foods. Sustainable agricultural 

cultivation techniques may also entail responding to issues related to land pollution, 

fertilization and pest management and climate change when considering the WEFS 

nexus implications (Walker et al., 2014). To help address these concerns, organization 

often needs to choose a suitable agricultural cultivation technique or technology which 

may include biotechnology, irrigation technology, biopesticides, and computer 

controlled technology used in the production, processing, and distribution of foods. 

There are a wide range of agricultural cultivation techniques. We consider an 

illustrative case which includes 4 stakeholders (academic, governmental, community, 

and business) with a goal of introducing a sustainable agricultural cultivation technique. 

We assume there are ten possible agricultural cultivation techniques U = {
ix  , 

i=1, ... ,10 }, to be evaluated. It is necessary to evaluate these techniques to select the 

most sustainable alternative, taking into account ten factors C = {
ta , t=1, ... ,10}.  

To meet the growing need for sustainable agricultural cultivation, the following 

items should be considered: (1) production of more food on less desirable land, water 

and energy; (2) producing healthy, safe, high-quality food; (3) reducing environmental 

damage and responding to climate change; (4) globalization of compliance regulations. 

Hence, we have 10 WEFS nexus factors: food production (FP), water for food 

processing (WFP), energy for food processing (EFP), land for food processing (LFP), 
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greenhouse gas emissions (GHGE), health and nutrition (HN), land pollution (LP), food 

quality (SC), fertilizer application (FA) and compliance regulations (CR).  These ten 

attributes may be distilled by the analysts from the numerous WEFS nexus factors 

identified in Table 1. 

Step 1: Develop a fuzzy multi-stakeholder decision system for agricultural cultivation 

techniques 

Four stakeholders are invited to evaluate the factors of each agricultural cultivation 

techniques (alternatives) from WEFS nexus perspectives. In order to avoid influencing 

each other, the stakeholders are required to provide their preferences in anonymity. 

Each stakeholder based on his or her expertise and interest evaluates each agricultural 

cultivation technique i in each factor t using linguistic assessments 7-point scale ( )t ih x  

(Table 2).  

[TABLE 2 ABOUT HERE] 

Step 2: Convert linguistic terms into interval-valued hesitant fuzzy elements. 

Using the membership values in Table 2, the linguistic terms can be converted into 

IVHFEs. In multi-stakeholder decision making, each stakeholder does not have the 

same familiarity level for each area, which should be taken into consideration. Some of 

these linguistic terms for one agricultural cultivation technique and factor may also be 

repeated or missing among stakeholders. In such cases, a value repeated more times has 

no more importance than other values repeated fewer times (Xu and Xia, 2011). Hence, 

deleting repeated and missing values and arranging those values in decreasing order, 

the results evaluated by the stakeholders are contained in an interval-valued hesitant 

https://www.sciencedirect.com/science/article/pii/S156625351500113X#tbl0001
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fuzzy decision matrix, as shown in Table 3, where ( )t ih x  (i,t =1, … ,10) are in the 

form of IVHFEs. 

[TABLE 3 ABOUT HERE] 

In our case, the four stakeholders provide their linguistic terms MG, VG, P, MP for 

an agricultural cultivation technique 1x   under factor1 (FP). After deleting repeated 

values and missing values,    and arranging those values in decreasing order (VG, 

MG, MP, P), a linguistic term can be converted into an IVHFE 1 1h ， ([0.9,1],[0.6,0.7], 

[0.3,0.4],[0.1,0.3]). 

Step 3: Compute IVHFE neighborhood relational matrices for the WEFS nexus 

factors 

IVHFE neighborhood relations are used to group sets of agricultural cultivation 

techniques based on similarity or indistinguishability in terms of distances for IVHFE 

using the neighborhood distance parameter.  

 First, calculate the IVHFE distances between each of the agricultural cultivation 

techniques on each of the WEFS nexus factor. We use the Chebychev distance function 

of IVHFE as shown in expression (8). Since initially there is only 1 factor, this will 

result in 10 n×n distance matrices for the input factors. 

( , ) max( ( ( ), ( )))B i j t i t j
t B

h hd x x d x x


=        (8) 

In our case, for the FP factor the IVHFE of agricultural cultivation technique 1x  

and 2x  are ([0.9,1],[0.6,0.7],[0.3,0.4],[0.1,0.3]) and ([0.6,0.7],[0.3,0.4]). We assume 

the stakeholders are pessimists. Then, the shorter set ( 2x ) should be extended until it 

has the same length as the longer set ( 1x ). 2 1h ， ([0.6,0.7],[0.3,0.4]) should be extended 

https://www.sciencedirect.com/science/article/pii/S0020025511000478#t0005


20 
 

by adding the minimum value ([0.3,0.4]) in it until it has the same length in terms of 

elements as h2 and becomes ([0.6,0.7],[0.3,0.4],[0.3,0.4],[0.3,0.4]). Finally, the distance 

between agricultural cultivation technique 1x   and 2x  for the FP factor is 

4
( ) ( ) ( ) ( )

2 1 1 21 1 1 2

1

1
( , ) (| ( ) ( ) |+ | ( ) ( ) |)

2*4

o o o o

FP FP FP FP

o

d h x h x h xh h xh
   

=

= − −，， =0.1875. 

Second, determine the IVHFE neighborhood relation for each WEFS nexus 

factor to arrive at a relational matrix.  The neighborhood relational matrix is defined 

as: 

( ) ( )B ij n nM N r = , where 
1, ( , ) ,

0, .

B i j

ij

d x x
r

otherwise

 
= 


    (9) 

For our illustrative case, we begin with a neighborhood granule where  = 0.2.  

For the WEFS nexus factor FP we know that r12 = r21 = 0.1875 because 

1 2( ( ), ( )) 0.1875FP FPd h x h x = 0.2. 
10 10(10) ( )FP ijM r = is shown in Table 4; an additional 

nine relational matrices (not shown here) can be determined for each of the WEFS 

nexus factors separately. 

[TABLE 4 ABOUT HERE] 

Steps 3 to 5 are part of a cyclical process; and are necessary in order to delete 

redundant factors and find a reduct set Atr. In the initialization step the reduct set is set 

to Atr = . Hence, the set B is a sub set that is the union of the previous reduct set Atr 

and an additional WEFS nexus factor not in Atr.  The Atr will be used as the input for 

the later evaluation and selection process.  Thus, set B is just the individual WEFS 

nexus factor that we are calculating. 

Step 4:  Determine the information content of a WEFS nexus factor 
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To calculate the information content of a WEFS nexus factor t ( ta ) with respect to 

the set Atr, we use expression (10).   

2
1

1
( )=1 | ( ) |

t

U

t a Atr i

i

Sig a Atr x
U


=

−        (10) 

where ( )tSig a Atr   is the information content 1  over the ta   factor, |U| is the 

cardinality of the universe of agricultural cultivation techniques.  | ( ) |
ta Atr ix  is the 

number of agricultural cultivation techniques with similar factors levels across 

ta Atr  factors for an agricultural cultivation technique ix . 

For our illustrative case, agricultural cultivation technique 1x  is in the same 

neighborhood value in the 1a  (FP) factor as agricultural cultivation techniques { 2x , 

3x  , 4x  , 7x  , 8x  , 10x  }, thus | ( ) |
ta Atr ix  = 7.  The value of 1| ( ) |

ta Atr x   is 

determined by summing the rows of (10)FPM  in Table 4.  

Step 5: Select and Update the WEFS nexus Reduct set 

This methodology step requires selecting the WEFS nexus factor sa  that satisfies (11):  

( ) max ( ( ))s t tSig a Atr Sig a Atr=                  (11) 

where, , .s t ta a for a Atr   

 For our illustrative case, the first cycle through the WEFS nexus factors evaluation 

results with the largest information content sa  = FP, LFP.  

We will add the largest information content factor, sa , in each cycle introducing it 

into the reduct set Atr using the following rule set (and stopping rule, if necessary): 

(1) If there are more than two factors that have the same maximum information 

                                                             
1 This term has also been defined as information entropy of a system (Liang and Shi (2004)).   
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content value max ( ( ))t tSig a Atr . Then, we select the WEFS nexus factor 

sa   that satisfies ' '( ) max ( ( ))s s sSig a Sig a=  ,  

'' { ' | ( ) max ( ( ))}s t ts s Sig a Atr Sig a Atr = . 

(2) If ( ) ( )sSig a Atr Sig Atr −   , where    is a positive infinitesimal real 

number used to control the convergence, then sAtr a Atr−   .  We then 

return to step 3 with a new { | }t tB a Atr a Atr=  . Where Atr is the reduct 

set and ta  is from the set of unselected WEFS nexus factors.  

(3) If ( ) ( )sSig a Atr Sig Atr −   we stop and the final WEFS nexus factor set 

is Atr. 

After a number of iterations the final reduct set Atr for  = 0.2 is: {FP, LFP, FQ, 

GHGE, EFP} or numerically, {1, 4, 8, 5, 3}. 

Step 6: Determine the weights of reduct factors 

To calculate the weight of a WEFS nexus factor s (w( sa )) with respect to a reduct set 

Atr, we use expression (12).   

( )
( )

( )

s
s

s

s Atr

Sig a
w a

Sig a


=
                         

(12) 

For our illustrative case, the information content of factors {FP, LFP, FQ, GHGE, 

EFP} in reduct
 
set Atr are 0.42, 0.42, 0.38, 0.34 and 0.24. Hence, 

( )s

s Atr

Sig a


 =1.8, 

and for the FP factor can be calculated as:  
( )

( ) 0.42 /1.8 0.233
( )s

s Atr

Sig FP
w FP

Sig a


= = =


. 

The weights of reduct factors {FP, LFP, FQ, GHGE, EFP} are 0.233, 0.233, 0.211, 

0.133, and 0.190. 

Step 7: Calculate the satisfaction degree (SD) for each agricultural cultivation 
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technique 

In this process, we will calculate the SD for each reduct factor and each agricultural 

cultivation technique using the Definition 6.  

Definition 6: For an IVHFE 
( )Ah x

, the SD function is defined as follow based on. 

( )

( ( )) ( ( ))
( ( ))

11+ ( ( ))
1 | ( ( )) |

( ( ))
A

A A
A

A
A

h xA

s h x s h x
h x

v h x
s h x

l h x 






= =

+ −
    (13) 

where ( ( ))As h x   is the score function for an IVHFE 
( )Ah x

 , ( ( ))Av h x   is the 

divergence function for an IVHFE 
( )Ah x

. The score function ( ( ))As h x  reflects the 

overall characteristics of 
( )Ah x

, the greater the ( ( ))As h x , the higher the satisfaction; 

( ( ))Av h x  reflects the degree of divergence of stakeholders, the smaller the ( ( ))Av h x , 

the more consistent the preferences of stakeholders’ the higher the satisfaction. For the 

satisfaction index, the score function ( ( ))As h x   and the average deviation ( ( ))Av h x  

are used to calculate the SD, which can make full use of the decision information than 

the score function ( ( ))As h x  alone. 

For our illustrative case, the IVHFEs of agricultural cultivation technique 1x  are 

([0.9, 1],[0.6, 0.7],[0.3, 0.4],[0.1, 0.3]) for reduct factor 1a  (FP). Then, the score of 

( ( ))As h x    [0.475, 0.6], and ( ( ))Av h x  =[0.25, 0.275]. We found the SD ( ( ))Ah x    

[0.373, 0.480]. The calculated SDs for all reduct factors are shown in Table 5.  

[TABLE 5 ABOUT HERE] 

Step 8: Calculate the regret value matrix for each reduct factor 

Using RT, the regret value 
s

ijR   between agricultural cultivation technique ix   and 

technique 
jx  for reduct factor sa  is determined by expression (14) based on the SD 
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and IVHFEs. 

( ( ( ) ( )))
1 , ( ( ) ( )) 0

[ ]
0, ( ( ) ( )) 0

is jsh h

s is js
ij

is js

e h h
R

h h

  
 

 

−  − −  − 
= 

 − 

       (14) 

where ( ( ) ( ))is jsh h  −    
1

( ) ( )+ ( ) ( ))
2

is js is jsh h h h   = − −（   is a comparison 

function for two SDs with IVHFEs. 

For our illustrative case, the SDs of agricultural cultivation techniques 1x  and 2x  

are [0.373,0.48] and [0.391,0.478] for reduct factor 1a   (FP).    =0.3 is relatively 

representative of risk aversion coefficient for stakeholders, and is used as a baseline 

case in this illustration. We find 11 21( ( ) ( ))= 0.009 0h h  − −  , and the regret value 

1

12R = －0.003. The regret value calculation results are used to construct the regret value 

matrix for reduct factor 1a  (FP), which is shown in Part A of Table 6.  

[TABLE 6 ABOUT HERE] 

Step 9: Calculate the rejoice value matrix for each reduct factor 

Similar to the step 8 calculation process, the rejoice value 
s

ijG  between agricultural 

cultivation technique ix   and technique 
jx   for factor sa   is determined by 

expression (15) based on a SD and IVHFEs. 

( ( ( ) ( )))

0, ( ( ) ( )) 0
[ ]

1 , ( ( ) ( )) 0is js

is jss

ij h h

is js

h h
G

e h h
  

 

 
−  −

  − 
= 

−  − 

        (15) 

For the illustrative case, the SDs of agricultural cultivation techniques 1x  and 3x  

are [0.373,0.48] and [0.486,0.568] for reduct factor 1a   (FP).  We find 

31 11( ( ) ( ))=0.101>0h h  − , and the rejoice value 1

31G = 0.03. The rejoice value matrix 

for reduct factor 1a  (FP) is shown in Part B of Table 6.  
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Step 10: Calculate the aggregated regret and rejoice value matrix for all reduct 

factors 

In this step, we seek to calculate the aggregated regret and rejoice value matrix for all 

reduct factors using expressions (16) and (17) based on the regret value 
s

ijR  and the 

rejoice value 
s

ijG  with adjusted reduct factor s weight ( sw ) determined in step 6. 

[ ] s

ij s ij

s Atr

R w R


=                        (16) 

[ ] s

ij s ij

s Atr

G w G


=                        (17) 

In our case, the aggregated regret value matrix for all attributes is presented in Table 

7.  

[TABLE 7 ABOUT HERE] 

Step 11: Calculate the regret-rejoice value for each agricultural cultivation 

technique 

In actual decision making processes, stakeholders do not always fully regret or rejoice. 

Rather, they tend to experience partial regret and joy simultaneously. In this step we 

seek to calculate a joint regret-rejoice value ( )iT x  for each agricultural cultivation 

technique. A higher regret-rejoice value of ( )iT x  indicates that the agricultural 

cultivation technique ix  is simultaneously the better rejoice and the less regret; thus, 

it is a better alternative. 

( ) ( )+ ( )i i iT x R x G x=                   (18) 
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where 
1

( )=
n

i ij

j

R x R
=

  is the aggregated regret value of agricultural cultivation 

technique ix  and 
1

( )=
n

i ij

j

G x G
=

 is the aggregated rejoice values of agricultural 

cultivation technique ix . 

For example, the aggregated regret value of agricultural cultivation technique 1x  

is 1 1

1

( )= =
n

j

j

R x R
=

  -0.147 and the aggregated rejoice values of agricultural cultivation 

technique 1x  is 1 1j

1

( )= =
n

j

G x G
=

  0.220. Then, the regret-rejoice value of ( )iT x  of 

agricultural cultivation technique 1x  is 1( )T x = -0.147+0.220=0.074. The regret-

rejoice values for each agricultural cultivation technique are presented in Table 8. The 

agricultural cultivation technique 8x  is the best solution. A slightly more detailed 

evaluation shows that 8x  has the largest regret-rejoice value on food quality and the 

second or third regret-rejoice value of the other factors. The value for 8x  is relatively 

separate of the other options; but this situation may not always be the case. If the 

differences are slight, there will need to be some effort to vary parameters to determine 

overall sensitivity of the solution. Detailed evaluation of each characteristic and 

stakeholder evaluation will be required, especially if significant investments are to be 

made in the alternatives. We do complete some sensitivity analysis in the next section, 

but the focus of this analysis will be on how sensitive the solutions are if alterations to 

the approaches used, rather, than parametric sensitivity; although some factors 

inclusion or exclusion is included.  This approach is more valuable to us given that the 
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purpose of this paper is about the methodological multi-stakeholder WEFS application 

with illustrative data. 

[TABLE 8 ABOUT HERE] 

5. Sensitivity Analysis 

For the illustrative case, a joint NRS, IVHFS, RT and SD approach is used to evaluate 

agricultural cultivation techniques. In this section, using variations of the methodology, 

a sensitivity analysis is completed to determine the robustness of the results and their 

interpretation. The sensitivity tests are not based on parametric changes, as typically 

done in sensitivity, but observations are completed by including or excluding certain 

characteristics of the overall methodology.  A comparison is then made on the rank 

order changes in the final ranking. Some implications of each sensitivity test are also 

presented. 

5.1 Reduce set vs Complete set for NRS 

NRS is used not only determine the weights of WEFS nexus factors, but also to identify 

the core factor set (reduct set) in Steps 3 to 5. We will use a complete set with the same 

calculation process to check whether the results will change with parametric alterations. 

The ranking results for most agricultural cultivation techniques do not change, as shown 

in Table 8. Therefore, redundant factors will not only increase the cost of data collection 

and evaluation, but also bring more noise that may have an unnecessarily decisive 

impact on evaluation. NRS is the best method to overcome the above defects (Bai et al., 

2012). 

5.2 IVHFS vs HFS 
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IVHFS is used to deal with different fuzzy preferences of stakeholders in complex and 

uncertain decision making environments. We will apply HFS, which does not consider 

fuzzy preferences, using a similar calculation process, to determine the magnitude of 

changes in the results. According to the lower limit of membership value in Table 2, 

these linguistic terms can be converted into HFEs. Sixty percent of the agricultural 

cultivation techniques rankings changed, as shown in Table 8. A non-parametric 

correlation comparative analysis is provided in the next section. 

An important observation with these IVHFS versus HFS results is that the regret-

rejoice value for the best and the worst technique are exaggerated. This result will affect 

decision makers who believe that technique 8x  is much better than other techniques. 

Crisp numbers in HFS are difficult to express uncertain or imprecise stakeholder 

judgments and will affect the final ranking results. Hence, the uncertain preferences of 

stakeholders are very important in the multi-stakeholder transdisciplinary approach. 

5.3 RT vs Exclude RT 

RT is used to help stakeholders to avoid selecting the solution that will make them regret 

it most. We delete the RT process to determine variations in results. We directly 

calculate the overall SD to evaluate (rank) the techniques using expression (20). 

( ) ( )i s is

s Atr

T x w h


=                        (20) 

In this case we see that all ranks, based on SD, of agricultural cultivation techniques do 

not change. These values are shown in columns 8 and 9 in Table 8.  The important 

thing is that all SD, which does not reflect the degree of regret or rejoice, cannot provide 

decision makers with more reference information. This lack of nuanced information 

https://www.sciencedirect.com/science/article/pii/S156625351500113X#tbl0001
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related to regret or rejoice may be valuable for future decisions; giving some structure 

to stakeholder utilities by giving insight into their perspectives. 

5.4 Satisfaction degree vs Excluding Satisfaction Degree 

SD is developed to trade-off the conflicting preferences of stakeholders. We delete the 

SD process in the methodology to determine the magnitude of rank change in the final 

solution. Using RT, the regret value 
s

ijR  and rejoice value 
s

ijG  between agricultural 

cultivation stakeholders on technique ix  and technique 
jx  for the reduct factor sa  

is determined by expression (21) and (22) based on the score function of IVHFEs. 

( ( ( ) ( )))
1 , ( ( ) ( )) 0

[ ]
0, ( ( ) ( )) 0

is jss h s h

s is js
ij

is js

e s h s h
R

s h s h

−  − −  − 
= 

 − 

                (20) 

( ( ( ) ( )))

0, ( ( ) ( )) 0
[ ]

1 , ( ( ) ( )) 0is js

is jss

ij s h s h

is js

s h s h
G

e s h s h
−  −

  − 
= 

−  − 

            (21) 

There are top 5 ranks of agricultural cultivation techniques do not change; see the last 

two columns of Table 8. These results show that there is less disagreement between 

stakeholders on good solutions and on bad solutions. That, in this case the choices at 

the top, are relatively consistent. 

5.5 Comparative analysis 

We will compare and analyze the five sensitivity analyses to determine various 

correlations with each other. This comparative analysis can provide us with an overall 

consistency in ranking amongst the approaches. To complete this analysis we use 

Kendall's Tau-b statistic (see Sarkis, 2000) with summary results appearing in Table 9. 
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Our first observation is that all methods rank outputs show a statistically significant 

correlation with each other. Factors inclusion seem to cause the greatest loss in ranking 

correlation as complete factors seems to correlate worst with any technique, although 

they order is still relatively consistent, there is a much lower correlation value. There is 

some loss of additional information that can be gleaned with the multiple approaches, 

but if only ranking is a concern with less concern for digging deeper into motivations 

then, for this example, excluding RT would result in minimal ranking differences. 

 The fewer factors may cause some differences in ranking, but overall there is 

still a relatively good correlation.  This can support the need to filter out less 

information factors, but this loss of information needs to be carefully examined in actual 

application. 

6. Conclusion 

The WEFS nexus is gaining popularity in sustainable management as there is more 

importance in joint management of these critical resources for humans. However, 

WEFS nexus planning and decision using multi-criteria and multi-stakeholder analysis 

has not attracted significant attention. Given the nature of many solutions, especially 

larger public solutions, stakeholders need to contribute to deciding technological and 

developmental solutions.  Given the complexity of the decision situation, rarely can 

one solution can comply with the needs and opportunities of all WEFS nexus 

dimensions. In this context, a multi-stakeholder transdisciplinary approach is developed 

to understand the WEFS nexus performance of solutions. 

In this paper we have introduced a multi-criteria, multi-stakeholder, and multi-
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method model to help evaluate the WEFS nexus solution decision. WEFS nexus factors 

and a conceptual application were introduced to exemplify the proposed model, its 

flexibility, and application. Sensitivity analysis is also performed to determine the 

robustness of the approach. The major value of the technique is to build a model for 

transdisciplinary stakeholders to evaluate WEFS nexus solutions, stimulate discussion 

of the outcomes, and to reach a solution. The solution is not always ‘optimal’ from the 

traditional perspective, an important goal is to arrive at satisfaction agreement among 

stakeholders on the elements of the WEFS nexus. It can help build a consensus for a 

good solution to address the many and varied concerns; an important step in addressing 

some of the world’s wicked problems. 

6.1 Managerial implications 

This study has implications for WEFS nexus solutions. First, it first developed a 

conceptual and holistic framework for considering the WEFS nexus for making 

decisions more effective. The WEFS nexus framework is developed for a better 

understanding of the interdependencies between water, energy, food with profound 

sustainability implications. This framework reveals that WEFS nexus decision process, 

that includes strategic plans, technological, and solutions investments, can be assessed 

and deployed from water, energy and food resource, sustainability concerns 

concurrently. This framework not only helps transdisciplinary stakeholders in 

evaluating and selecting solutions, but also can assist managers, policy makers, and 

decision makers in viewing and improve existing projects.  

Second, since WEFS nexus issues are intertwined, various stakeholders should be 
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considered in decision making. WEFS nexus have transdisciplinary stakeholders with 

inconsistencies in perspectives, interests, and preferences due to their values and issue 

saliency. Therefore, the process needs to deal with conflicting and fuzzy preferences of 

stakeholders in WEFS nexus decision making; it also needs to consider the trade-offs 

amongst stakeholders, not only the factors. There is a strong suggestion that all 

transdisciplinary stakeholders and all factors should be simultaneously satisfied; 

although not always possible, this approach helps to move in the direction of building 

consensus around potential solutions. 

Third, a multi-stakeholder transdisciplinary approach not only considers 

stakeholder fuzzy and conflicting preferences, but also considers their decision 

behavior – a psychological feature. Hence, WEFS nexus solutions should be assessed 

and deployed from both an SD and regret perspective. SD provides a more balanced, 

consensus building, decision for a multi-stakeholder environment.  RT helps 

stakeholders to select a WEFS nexus solution with the likely and maximum possible 

gains, maximum possible losses, and avoid selecting the alternative that will make them 

regret. 

Fourth, critical success factor theory (see Grimm et al., 2014) stipulates that 

utilization of key performance indicators (KPI) is important for decision-making at the 

WEFS nexus. Helping to focus WEFS nexus strategy by focusing on core performance 

factors, can improve the efficiency of an organization’s decision-making. Managing a 

WEFS nexus strategy and its performance factors requires this focus. KPI development 

can aid in solution evaluation. 



33 
 

6.2 Methodological and research implications 

The WEFS nexus decision can be difficult and complex to solve due to the difficulty of 

(1) considering WEF and sustainability together and, (2) the inconsistency of 

perspectives and interests of stakeholders. Hence, the main issue that we wish to address 

in this paper is how to design an effective multi-stakeholder transdisciplinary approach 

for general decision environment of WEFS nexus solutions, especially consider WEFS 

nexus and differing transdisciplinary stakeholder preferences and decision behaviors 

such as regret aversion.  

 This approach can effectively deal with multiple stakeholder decision-making 

problems. It can include synergies and trade-offs from conflicting preferences between 

different stakeholders by SD. IVHFS allows for consideration of stakeholder fuzzy 

preferences given the complex and uncertain situation within the WEFS nexus decision 

environment. The methodology also introduced RT to consider stakeholder decision 

behavior -- psychological feature -- under uncertain environments. This approach also 

proves the importance of fuzzy evaluation, divergence and decision behavior of 

stakeholders in multiple stakeholder decision-making problems through sensitivity 

analysis. All these factors affect the final decision results. Consideration of conflicts, 

fuzzy preferences, and decision behavior are each important topics that should be 

tackled further in multiple transdisciplinary stakeholder decision-making problems 

(Soltani et al., 2015).  

 Second, this approach has less computational complexity (time complexity) that 

refers to account all possible operations required for a method to arrive at a solution 
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(Banaeian et al., 2018). This initial illustrative analysis shows that only 5 WEFS nexus 

factors are needed to provide a threshold amount of information from the whole set of 

10 factors. Thus, this methodology has improved time complexity when compared to 

other multi-stakeholder approaches without rough set (Bai and Sarkis, 2018a).  

Third, this approach is convenient for stakeholders to use. This approach helps:  

(1) the stakeholders provide their preferences in anonymity and with limited need for 

repeated communication; (2) The number of required judgments or collection from each 

stakeholder is equal to m × n which considers n objects and m factors. Stakeholders can 

easily fill in the information and skip areas in which they lack familiarity. In addition, 

neighborhood rough set can determine the weight of factors that does not require 

additional input; and (3) RT is introduced to not only consider stakeholders’ decision 

behavior, but also provide the regret-rejoice values that can provide detailed 

information about the degree of regret and the degree of rejoice. This information is 

very important for the current consensus decision making environment, but also for 

future possible decisions. 

Hence, the tool can prove valuable for multiple stakeholder decision-making 

problems in the WEFS nexus by the ability to handle several interdependent factors and 

evaluate alternatives through various methods with multiple stakeholder inputs. We also 

extend the neighborhood rough set theory and the regret theory with IVHFS numbers, 

so that they can handle group and uncertain decision environments. 

6.3 Future research 

Establishing a valid and reliable evaluation model for WEFS nexus contributes to a 

https://www.sciencedirect.com/science/article/pii/S030505481830159X#bib0058
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better understanding of and support for the WEFS nexus. However, the present study 

has some limitations which provide opportunities for further research. 

First, a number of parameters, including ξ, the degree of regret and the degree of 

rejoice, can be investigated. A sensitivity analysis with different parametric settings 

should be implemented to further determine the robustness of the results. Second, the 

present study only focuses on different and vagueness preferences amongst 

stakeholders. Future research could focus evaluating how variations in weights with 

actual stakeholders may actually cause variations in practical situations.  For example, 

if a stakeholder knows their level of importance and significance degree, would they 

provide a different ranking or evaluation of the factors than if they were not aware of 

these weightings. Third, the present study only developed a conceptual and holistic 

framework for a better understanding of the interdependencies between water, energy, 

food with profound sustainability implications. Future research could introduce other 

MCDM methods to reveal their direct impact relationships; tools such as the 

DEMATEL, ANP and outranking methods could be integrated.  

Overall, our study provides a model that not only provides insight and support for 

WEFS nexus decision in multi-stakeholder decision making process but also helps 

measure the level of sustainability in various aspects of a WEFS nexus solution. As 

sustainability and various dimensions of resources are to be evaluated by policy makers, 

business decision makers, even scientists and researchers involved in their development 

– a transdisciplinary stakeholder perspective – the need for such tools is expected to 

grow. We encourage practitioners to apply and improve our tools and researchers to use 
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this work as the foundation for future research. 
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Table 1. The factor framework for WEFS Nexus. 

 Water Energy Food Economic Environmental Resource Social 

Water 

Water to clean water 

Water access 

Water affordability 

Energy to convey water 

Energy to potable water 

production 

Energy to desalination 
Energy to heat and cool water 

Energy to wastewater treatment 

 

Cost for water treat or production 

Time for water treat or production 

Water price 
Water use efficiency 

Waste water 

Land pollution 
Rivers and ocean pollution 

Contamination of groundwater 

Recycling of water 

Pollution of drinking water 
Loss of aquatic diversity 

Land for water treat or production 
Capital for water treat or production 

Labor for water treat or production 

Other resource for water treat or 

production 

Health 

Potable water safety 
Sufficient water 

Compliance international and regional 

regulations 

Charity and donation 
Increased water-related disease 

Compliance urbanization 

Compliance cultural and societal beliefs 
Compliance population growth 

Energy 

Water to produce fuels 

Water for electricity 

generation 
Water for heating and cooling 

Hydroelectricity 

Energy conversion 

Continuity of energy supplies 
Food for biofuels 

Cost for produce energy 
Time for produce energy 

Energy price 

Energy use efficiency 

Compliance industrial development 
Compliance technology and innovation 

Renewable energy 

Environmental pollution 

Greenhouse gas emissions 

Recycling of energy 

Land for produce energy 

Capital for produce energy 

Labor for produce energy 

Other resource for produce energy 

Health 

Safety 
Sufficient energy 

Compliance international and regional 

regulations 

Compliance urbanization 
Compliance cultural and societal beliefs 

Compliance population growth 

Food 

Water for crop irrigation 

Water for food processing 

Water for livestock 
Water for cooking 

Energy in fertilizers 

Energy for farm equipment 
Energy for food processing 

Energy for transportation 

Energy for cooking 

Food availability 

Access to food 
Food value utilization 

Sustained/long-term food 

stability 

Cost for food processing 

Time for food processing 
Food Price 

Compliance agricultural 

transformations 

Environmental pollution 
Soil salinity, waterlogging, land 

degradation. 

Greenhouse gas emissions 

Land for food processing 
Excessive use of agrochemicals 

Reduces diversity of agriculture 

Pest, insect, and disease management 

Land for food processing 

Capital for food processing 

Labor for food processing 
Other resource for food processing 

Health and nutrition 
Safety 

High-quality 

Sufficient foods 

Compliance international and regional 
regulations 

Charity and donation 

Increased water-related disease 
Compliance urbanization 

Compliance cultural and societal beliefs 

Compliance population growth 

Source: Bieber et al. 2018; Endo et al. 2017; Rasul 2016; Rasul and Sharma 2016; Garcia and You 2016; Smajgl et al. 2016; Ringler et al. 2013. 

 

Table 2. Membership value for linguistic variables. 

Linguistic variables Membership value 

Very good (VG) [0.9, 1] 

Good (G) [0.7, 0.9] 

Medium good (MG) [0.6,0.7] 

Medium (M) [0.4, 0.6] 

Medium poor (MP) [0.3, 0.4] 

Poor (P) [0.1, 0.3] 

Very poor （VP) [0, 0.1] 
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Table 3: IVHFEs of agricultural cultivation techniques on WEFS nexus factors. 

Obje

cts 

Food production 
Water for food 

processing 

Energy for food 

processing 

Land for food 

processing 

Greenhouse gas 

emissions 

Pollutant 

discharge 
Land pollution Food quality Fertilizer application 

Compliance 

regulations 

FP WFP EFP LFP GHGE PD LP FQ FA CR 

x1 
([0.9,1],[0.6,0.7],[0.3,

0.4],[0.1,0.3]) 
([0.7,0.9],[0.1,0.3]) 

([0.9,1],[0.3,0.4],[0.1,0.

3]) 
([0.9,1],[0.7,0.9]) 

([0.7,0.9],[0.6,0.7],[0.3,

0.4],[0,0.1]) 

([0.9,1],[0.7,0.9],[

0.3,0.4]) 

([0.7,0.9],[0.4,0.6],[0.3,

0.4]) 

([0.9,1],[0.7,0.9],[

0.3,0.4]) 

([0.7,0.9],[0.6,0.7],[0.1,

0.3]) 

([0.9,1],[0.7,0.9],[0.3,0.

4]) 

x2 ([0.6,0.7],[0.3,0.4]) 
([0.7,0.9],[0.4,0.6],[0.

1,0.3]) 

([0.7,0.9],[0.6,0.7],[0.3,

0.4],[0.1,0.3]) 

([0.9,1],[0.6,0.7],[0.1

,0.3]) 

([0.9,1],[0.6,0.7],[0.1,0.

3]) 

([0.7,0.9],[0.6,0.7

],[0.3,0.4]) 

([0.9,1],[0.6,0.7],[0.3,0.

4]) 

([0.9,1],[0.4,0.6],[

0.3,0.4]) 

([0.9,1],[0.6,0.7],[0.3,0.

4],[0.1,0.3]) 

([0.7,0.9],[0.6,0.7],[0.4,

0.6]) 

x3 
([0.9,1],[0.6,0.7],[0.3,

0.4]) 

([0.4,0.6],[0.3,0.4],[0.

1,0.3]) 

([0.9,1],[0.6,0.7],[0.3,0.

4],[0,0.1]) 

([0.9,1],[0.6,0.7],[0.4

,0.6],[0,0.1]) 

([0.9,1],[0.4,0.6],[0.3,0.

4],[0,0.1]) 

([0.9,1],[0.7,0.9],[

0.3,0.4]) 

([0.7,0.9],[0.6,0.7],[0.3,

0.4],[0.1,0.3]) 
([0.9,1],[0.1,0.3]) 

([0.7,0.9],[0.6,0.7],[0,0.

1]) 

([0.9,1],[0.4,0.6],[0.3,0.

4],[0,0.1]) 

x4 
([0.9,1],[0.7,0.9],[0.6,

0.7],[0.1,0.3]) 

([0.9,1],[0.6,0.7],[0.4,

0.6],[0.3,0.4]) 

([0.9,1],[0.7,0.9],[0.3,0.

4]) 

([0.7,0.9],[0.6,0.7],[0

.3,0.4]) 

([0.7,0.9],[0.6,0.7],[0.4,

0.6],[0.3,0.4]) 

([0.6,0.7],[0.4,0.6

]) 
([0.7,0.9],[0.6,0.7]) 

([0.6,0.7],[0.4,0.6

],[0.3,0.4]) 

([0.9,1],[0.7,0.9],[0.3,0.

4]) 
([0.7,0.9],[0.3,0.4]) 

x5 ([0.6,0.7],[0.4,0.6]) 
([0.9,1],[0.6,0.7],[0.4,

0.6]) 
([0.7,0.9],[0.1,0.3]) ([0.7,0.9],[0.6,0.7]) 

([0.9,1],[0.6,0.7],[0.3,0.

4]) 

([0.7,0.9],[0.6,0.7

]) 
([0.9,1],[0.6,0.7]) ([0.9,1],[0,0.1]) ([0.7,0.9],[0.3,0.4]) 

([0.9,1],[0.4,0.6],[0.3,0.

4]) 

x6 
([0.9,1],[0.7,0.9],[0.6,

0.7]) 

([0.9,1],[0.7,0.9],[0.3,

0.4],[0.1,0.3]) 
([0.7,0.9],[0,0.1]) ([0.6,0.7],[0.3,0.4]) 

([0.7,0.9],[0.3,0.4],[0.1,

0.3]) 

([0.7,0.9],[0.4,0.6

],[0.3,0.4]) 

([0.9,1],[0.6,0.7],[0.4,0.

6]) 

([0.7,0.9],[0.6,0.7

],[0.4,0.6]) 
([0.7,0.9],[0.3,0.4]) 

([0.9,1],[0.6,0.7],[0.3,0.

4],[0,0.1]) 

x7 ([0.6,0.7],[0.4,0.6]) 
([0.9,1],[0.6,0.7],[0.4,

0.6]) 
([0.9,1],[0.1,0.3]) 

([0.7,0.9],[0.6,0.7],[0

.3,0.4]) 

([0.9,1],[0.7,0.9],[0.6,0.

7]) 

([0.7,0.9],[0.6,0.7

]) 
([0.9,1],[0.7,0.9]) ([0.9,1],[0.4,0.6]) ([0.7,0.9],[0.3,0.4]) 

([0.9,1],[0.4,0.6],[0.1,0.

3]) 

x8 
([0.9,1],[0.7,0.9],[0.6,

0.7],[0.3,0.4]) 

([0.9,1],[0.7,0.9],[0.3,

0.4],[0,0.1]) 
([0.7,0.9],[0.6,0.7]) ([0.7,0.9],[0.6,0.7]) 

([0.9,1],[0.7,0.9],[0.6,0.

7],[0.3,0.4]) 

([0.7,0.9],[0.6,0.7

],[0.3,0.4]) 

([0.9,1],[0.7,0.9],[0.6,0.

7]) 

([0.7,0.9],[0.6,0.7

],[0.4,0.6]) 
([0.7,0.9],[0.1,0.3]) 

([0.7,0.9],[0.4,0.6],[0.3,

0.4],[0.1,0.3]) 

x9 
([0.9,1],[0.6,0.7],[0.3,

0.4]) 

([0.7,0.9],[0.4,0.6],[0.

1,0.3]) 

([0.9,1],[0.6,0.7],[0.3,0.

4],[0,0.1]) 

([0.9,1],[0.6,0.7],[0.4

,0.6],[0,0.1]) 

([0.9,1],[0.4,0.6],[0.1,0.

3]) 

([0.9,1],[0.7,0.9],[

0.3,0.4]) 

([0.7,0.9],[0.6,0.7],[0.4,

0.6],[0.1,0.3]) 
([0.9,1],[0.6,0.7]) 

([0.7,0.9],[0.6,0.7],[0.1,

0.3]) 

([0.9,1],[0.4,0.6],[0.3,0.

4],[0.1,0.3]) 

x10 ([0.7,0.9],[0.3,0.4]) 
([0.7,0.9],[0.4,0.6],[0.

3,0.4]) 

([0.7,0.9],[0.3,0.4],[0.1,

0.3]) 

([0.9,1],[0.7,0.9],[0.1

,0.3]) 

([0.9,1],[0.6,0.7],[0.1,0.

3],[0,0.1]) 

([0.9,1],[0.6,0.7],[

0.3,0.4]) 

([0.9,1],[0.6,0.7],[0.3,0.

4]) 

([0.7,0.9],[0.4,0.6

],[0.3,0.4]) 

([0.7,0.9],[0.6,0.7],[0.3,

0.4],[0.1,0.3]) 

([0.7,0.9],[0.6,0.7],[0.4,

0.6]) 

 

Table 4: IVHFE neighborhood relational matrices for the FP factor 

 x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 Sum 

x1 1 1 1 1 0 0 0 1 1 1 7 

x2 1 1 0 0 1 0 1 0 0 1 5 

x3 1 0 1 1 0 1 0 1 1 1 7 

x4 1 0 1 1 0 1 0 1 1 0 6 

x5 0 1 0 0 1 0 1 0 0 1 4 

x6 0 0 1 1 0 1 0 1 1 0 5 

x7 0 1 0 0 1 0 1 0 0 1 4 

x8 1 0 1 1 0 1 0 1 1 0 6 

x9 1 0 1 1 0 1 0 1 1 1 7 

x10 1 1 1 0 1 0 1 0 1 1 7 
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Table 5: The satisfaction degrees for reduct factors 

Objects 
Food production 

Land for food 

processing 
Food quality 

Greenhouse gas 

emissions 

Energy for food 

processing 

FP LFP FQ GHGE EFP 

x1 [0.373,0.48] [0.696,0.826] [0.32,0.455] [0.491,0.627] [0.314,0.42] 

x2 [0.391,0.478] [0.414,0.517] [0.347,0.469] [0.414,0.545] [0.414,0.517] 

x3 [0.486,0.568] [0.362,0.471] [0.346,0.423] [0.357,0.481] [0.305,0.412] 

x4 [0.447,0.586] [0.436,0.577] [0.491,0.627] [0.375,0.49] [0.417,0.553] 

x5 [0.435,0.565] [0.565,0.696] [0.308,0.462] [0.31,0.379] [0.486,0.568] 

x6 [0.635,0.75] [0.391,0.478] [0.25,0.37] [0.486,0.629] [0.287,0.44] 

x7 [0.435,0.565] [0.436,0.577] [0.357,0.481] [0.52,0.667] [0.635,0.75] 

x8 [0.505,0.625] [0.565,0.696] [0.565,0.696] [0.486,0.629] [0.505,0.625] 

x9 [0.486,0.568] [0.362,0.471] [0.346,0.423] [0.652,0.739] [0.347,0.496] 

x10 [0.4,0.542] [0.421,0.574] [0.287,0.44] [0.385,0.523] [0.296,0.396] 
 

 

Table 6. Regret value matrix and rejoice value matrix for reduct factor 1 (FP) 

Objects x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 

Part A Regret value matrix 

x1 0.000  -0.003  -0.031  -0.027  -0.022  -0.083  -0.022  -0.043  -0.031  -0.013  

x2 0.000  0.000  -0.028  -0.025  -0.020  -0.080  -0.020  -0.040  -0.028  -0.011  

x3 0.000  0.000  0.000  0.000  0.000  -0.051  0.000  -0.011  0.000  0.000  

x4 0.000  0.000  -0.003  0.000  0.000  -0.054  0.000  -0.015  -0.003  0.000  

x5 0.000  0.000  -0.008  -0.005  0.000  -0.059  0.000  -0.020  -0.008  0.000  

x6 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  

x7 0.000  0.000  -0.008  -0.005  0.000  -0.059  0.000  -0.020  -0.008  0.000  

x8 0.000  0.000  0.000  0.000  0.000  -0.039  0.000  0.000  0.000  0.000  
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x9 0.000  0.000  0.000  0.000  0.000  -0.051  0.000  -0.011  0.000  0.000  

x10 0.000  0.000  -0.017  -0.014  -0.009  -0.069  -0.009  -0.029  -0.017  0.000  

Part B Rejoice value matrix 

x1 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  

x2 0.003  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  

x3 0.030  0.027  0.000  0.003  0.008  0.000  0.008  0.000  0.000  0.017  

x4 0.027  0.024  0.000  0.000  0.005  0.000  0.005  0.000  0.000  0.014  

x5 0.022  0.019  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.009  

x6 0.077  0.074  0.048  0.051  0.056  0.000  0.056  0.037  0.048  0.064  

x7 0.022  0.019  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.009  

x8 0.041  0.038  0.011  0.015  0.019  0.000  0.019  0.000  0.011  0.028  

x9 0.030  0.027  0.000  0.003  0.008  0.000  0.008  0.000  0.000  0.017  

x10 0.013  0.011  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  

 

Table 7. Aggregated regret value matrix and rejoice value matrix for all reduct factors 

Objects x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 

Part A Regret value matrix 

x1 0.000  -0.006  -0.007  -0.022  -0.012  -0.019  -0.023  -0.034  -0.017  -0.003  

x2 -0.026  0.000  -0.007  -0.019  -0.019  -0.023  -0.024  -0.044  -0.019  -0.005  

x3 -0.034  -0.013  0.000  -0.024  -0.022  -0.021  -0.033  -0.051  -0.019  -0.008  

x4 -0.026  -0.003  -0.001  0.000  -0.011  -0.020  -0.018  -0.027  -0.016  -0.001  

x5 -0.022  -0.009  -0.006  -0.018  0.000  -0.026  -0.024  -0.035  -0.023  -0.006  

x6 -0.029  -0.013  -0.005  -0.026  -0.026  0.000  -0.028  -0.044  -0.015  -0.008  

x7 -0.018  0.000  -0.002  -0.010  -0.009  -0.014  0.000  -0.027  -0.008  0.000  

x8 -0.009  0.000  0.000  0.000  0.000  -0.009  -0.007  0.000  -0.008  0.000  

x9 -0.026  -0.007  0.000  -0.020  -0.020  -0.013  -0.020  -0.040  0.000  -0.006  
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x10 -0.028  -0.009  -0.006  -0.022  -0.020  -0.023  -0.029  -0.049  -0.023  0.000  

Part B Rejoice value matrix 

x1 0.000  0.024  0.031  0.024  0.021  0.027  0.017  0.009  0.023  0.026  

x2 0.006  0.000  0.013  0.003  0.009  0.012  0.000  0.000  0.007  0.009  

x3 0.007  0.006  0.000  0.001  0.006  0.005  0.002  0.000  0.000  0.006  

x4 0.021  0.019  0.023  0.000  0.017  0.025  0.010  0.000  0.020  0.021  

x5 0.011  0.018  0.021  0.010  0.000  0.024  0.009  0.000  0.019  0.020  

x6 0.018  0.022  0.020  0.019  0.025  0.000  0.013  0.009  0.013  0.021  

x7 0.021  0.023  0.031  0.017  0.022  0.026  0.000  0.007  0.019  0.027  

x8 0.032  0.042  0.048  0.026  0.033  0.040  0.026  0.000  0.038  0.046  

x9 0.017  0.018  0.018  0.015  0.021  0.015  0.008  0.008  0.000  0.021  

x10 0.003  0.005  0.008  0.001  0.006  0.008  0.000  0.000  0.006  0.000  

 

Table 8. Regret-rejoice values for each cultivation technique 

Objects 

Reduce factors + IVHFS + 

RT + SD 
Complete factors HFS  Exclude RT Exclude SD 

Regret-rejoice 

value 
Ranking 

Regret-rejoice 

value 
Ranking 

Regret-rejoice 

value 
Ranking 

Satisfaction 

degree 
Ranking 

Regret-rejoice 

value 
Ranking 

x1 0.059  3 0.005  5 0.018  4 0.513 3 0.074 3 

x2 -0.129  8 -0.112  8 -0.139  8 0.449 8 -0.141 8 

x3 -0.192  10 -0.229  10 -0.181  9 0.428 10 -0.149 9 

x4 0.033  4 0.065  4 0.052  3 0.503 4 0.022 4 

x5 -0.037  7 0.073  3 -0.018  6 0.480 7 -0.038 6 

x6 -0.034  6 -0.043  6 -0.069  7 0.482 6 -0.085 7 

x7 0.105  2 0.172  2 0.109  2 0.528 2 0.108 2 

x8 0.298  1 0.174  1 0.369  1 0.593 1 0.281 1 

x9 -0.012  5 -0.059  7 -0.015  5 0.489 5 0.012 5 
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x10 -0.172  9 -0.120  9 -0.221  10 0.435 9 -0.168 10 
 

Table 9. Kendall's Tau-b correlation scores for each method's ordinal rankings 

  
Reduce factors + 

 IVHFS + RT + SD 
Complete factors HFS Exclude RT Exclude SD  

Reduce factors + 

 IVHFS + RT + SD 
1.000 0.733** 0.867** 1.000** 0.911**  

Complete factors 0.733** 1.000 0.778** 0.733** 0.733**  

HFS 0.867** 0.778** 1.000 0.867** 0.956**  

Exclude RT 1.000** 0.733** 0.867** 1.000 0.911**  

Exclude SD 0.911** 0.733** 0.956** 0.911** 1.000  

**Correlation is significant at the 0.01 level (2-tailed). 


