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1. Introduction

As the global population rises, so does global resource consumption,
bringing along with it a myriad of problems that extend beyond a set of
geographical borders to exacerbate inequitable and unsustainable access
to resources (Biggs et al., 2015). As demand increases and reserves
decline, the resource supply becomes fragile, if not scarce (Amer et al.,
2017). Internal drivers such as economic and demographic changes and
external drivers such as climate change, coupled with decreasing
effectiveness of sector-driven management strategies, further exacerbate
demand and threaten resource security (Al-Saidi and Elagib, 2017). A
sustainable solution to these problems requires a comprehensive look at
availability, affordability, quality, and stability (Keairns et al., 2016).
This set of circumstances/conditions has driven the adoption of the
water energy food nexus (WEFN) as a keystone pillar in resour ce allo-
cation and management (Zhang et al., 2021).

The WEEFN refers to an approach that considers resources, categori-
cally divided amongst water, energy, and food sectors, in a holistic and
integrated manner of systems, instead of separate components (Arthur
et al., 2019). This type of reasoning accounts for interlinkages between
sectors and consequently improves the efficiency of resource utilization
and synergizes utility between different resources (Endo and Oh, 2018).
Nexus approaches prevent the transfer of problems from one sector to
another by using the interlinkages between them to minimize overall
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trade-offs and maximize co-benefits, and enhance overall sustainability
(Liu et al., 2018).

While there remain many challenges in universally understanding
and agreeing on the details of the matter, there is no doubt that a large
portion of the global scientific community has adopted the nexus
concept and agreed to its necessity in sustainable resource management
and development (Arthur et al., 2019; Fayiah et al., 2020; Yuan et al.,
2021). This is reflected in the drastic increase in scientific studies on
various aspects of the WEFN (Albrecht et al., 2018; Fayiah et al., 2020).
Nonetheless, many of the reviews addressing WEFN literature concur
that there is yet to be a universally adopted WEFN framework (Albrecht
et al., 2018; de Andrade Guerra et al., 2020; Endo et al., 2017; Higgins
and Abou Najm, 2020; Kaddoura and El Khatib, 2017; Keairns et al.,
2016; Namany et al., 2019; Schlor et al., 2021; Zhang et al., 2019). As
such, the versatility of the WEFN in its application to different systems
has led to the generation of a substantial number of tools, all with the
objective of assessing the WEFN, in one form or another.

While the existence of many tools reflects the significance of the
WEFN in potential solution making, it also creates an additional problem
in that there is no systematic way to identify which tool best suits a given
situation, rendering the tool selection process problematic in and of it-
self. Very little work has been done to address the issue of “appropriate”
nexus tool selection.

Rosales-Asensio et al. (2020) present a conceptual framework for

Received 5 July 2022; Received in revised form 19 August 2022; Accepted 28 August 2022

Available online 5 September 2022
0301-4797/© 2022 Elsevier Ltd. All rights reserved.


mailto:fam16@mail.aub.edu
www.sciencedirect.com/science/journal/03014797
https://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2022.116139
https://doi.org/10.1016/j.jenvman.2022.116139
https://doi.org/10.1016/j.jenvman.2022.116139
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2022.116139&domain=pdf

F. Mansour et al.

WEFN decision making in energy management. While the study reviews
eight tools according to three criteria, it does not use the criteria to select
a tool. Dargin et al. (2019) introduce a complexity index, derived from
eight criteria, for nexus assessment tools to evaluate the “usability” of
eight tools. Schull et al. (2020) use multi-criteria decision analysis to
select the most suitable of seven tools based on nine qualitative criteria.
To the authors’ knowledge, no other work has addressed the issue of
WEEN tool selection. The limited work considers a limited number of
WEEN studies and adopts a strict definition of “tool” such that it does not
include individual studies that introduce a methodology and showcase
it. Furthermore, they do not demonstrate how variable the selection
process can be depending on who is using it and for what. The criteria
used in the selection and categorization process do not address issues
related to scientific features such as temporal and spatial considerations
and uncertainty/risk. It is these aspects that the proposed selection
approach seeks to address.

The objective of this work is to develop a versatile tool selection
approach that is driven by tool use and user preference. The approach
applies multi-criteria decision making (MCDM), specifically the Analytic
Hierarchy Process (AHP). In the pairwise comparisons of AHP, tool use is
the focal point such that criteria are compared to each other with respect
to how important they are for the intended uses. For the purposes of this
work, these uses are: research oriented use or policy-informing use.
Expert opinion is also used as an alternative method of criteria
weighting. A case study is then applied to the tools selected across the
simulated user scenarios (research oriented use, policy-informing use,
expert opinion) to demonstrate the variability of tool results and how
user preference drives the selection process.

2. Methodology

It is appropriate that a MCDM method be applied for the selection of
WEFN tools, because MCDM methods have the capability of simulta-
neously handling potentially conflicting goals and including multiple
stakeholders in the process (Watrobski et al., 2019). MCDM has been
applied in previous nexus work, particularly in the water sector (Gha-
foori Kharanagh et al., 2020; Ghafoori-Kharanagh et al., 2021; Tork
et al., 2021). This work, however, addresses MCDM application for the
selection of a WEFN tools. As such, this is a choice problem, where the
objective is to select the most suitable alternative from a feasible set. The
alternatives in this problem are the WEFN tools, which are to be assessed
based on a constructed set of criteria.

2.1. Initial set of WEEN tools and categorization

The first step of the selection process is constructing the initial pool
of WEEN tools. It is obtained using three filter criteria: i) a tool is defined
to be a framework, methodology, model, or interface that assesses,
simulates, and/or optimizes all three sectors of the WEFN, ii) the tool
must be accessible (in the format meant to be provided by its de-
velopers), and iii) tool must generate output once applied to a case
study. Literature from scientific databases (Scopus) was examined,
including reviews addressing nexus tools (Al-Saidi and Elagib, 2017; Dai
et al., 2018; Kaddoura and El Khatib, 2017; Mannan et al., 2018). The
Nexus Resource Platform website (https://www.water-energy-food.
org/) was also used to identify potential tools.

For the purposes of this work, and in line with the filter criteria, these
types of studies were excluded: i) evaluation of the WEFN for a specific
country or region (Caiado Couto et al., 2021; Elagib and Al-Saidi, 2020;
Kebede et al., 2021; Naderi et al., 2021; Natcher and Ingram, 2021;
Okumu et al., 2021; Putra et al., 2020; Salmoral and Yan, 2018), and ii)
analysis of the WEFN for a specific sector (Armengot et al., 2021; Gao
et al., 2021; Guan et al., 2020; Keyhanpour et al., 2021; Nie et al., 2019;
Shannak and Vittorio, 2020; Zhang et al., 2022). The exclusion of these
studies is based on the premise that they are too specific to use for
generic analyses and can be applied to a similar contexts in a relatively
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straightforward manner. Thus, based on these inclusion and exclusion
criteria (until the time this research was conducted), the initial pool
consists of 58 tools. However, for an extended analysis, the criteria were
relaxed to include 10 additional studies targeting specific coun-
tries/regions/sectors. As such, the total number of tools in the initial set
comes to 68. A summarized description of each tool is available in
Table S1 in the supplementary material.

For improved analysis, the tools are categorized based on format, to
further enable user selection. This type of categorization helps direct
user selection based on what is available in terms of software (and
expertise required to operate it). The categorized tool lists are presented
in Table S2 in the supplementary material.

2.2. Criteria development

Having identified the initial set of tools, twelve criteria are developed
to cover WEFN tool characterization as comprehensively as possible.
The criteria are selected based on the available, albeit limited, literature
on WEFN tool selection (Dargin et al., 2019; Schull et al., 2020) and the
general WEFN and MCDM literature (Al-Saidi and Elagib, 2017; Fayiah
etal., 2020; Kaddoura and El Khatib, 2017; Keairns et al., 2016; Shannak
etal., 2018; Watrobski et al., 2019; Zhang et al., 2019). The criteria set is
also developed in accordance with two principles of MCDM criteria se-
lection: i) exhaustive coverage (covers all the significant aspects that can
distinguish between alternatives), and ii) minimal coverage (avoids the
inclusion of any unnecessary or redundant criteria) (Rowley et al.,
2012).

As such, for an across-the-board analysis (that goes beyond the sci-
entific modeling aspect) and given the breadth of the WEFN and di-
versity of available tools, criteria are developed in broad terms, but
specifically defined within a rubric. This enables the analysis to cater to
a delicate balance between generic categorization and technical
description. The criterion score rubric is constructed with specific defi-
nitions corresponding to designated numerical values, the underlying
concept mirroring the Saaty scale used in AHP (Saaty, 1987). The score
assignment is specified in a way that attempts to minimize uncertainty
or ambiguity in terms of scoring, by having specific definitions while
allowing for scoring flexibility (maintaining leeway between the defined
scores). In the process of ranking, single-utility functions are generated
for each criterion, based on the specified value relation, to convert the
assigned score to a utility value. A linear additive model is assumed to
combine the utilities for an overall tool score. The criteria score rubric is
presented in Table S3 in the supplementary material.

2.3. Criteria weighting

Aside from the baseline simulation of equal criteria weighting, two
alternative weighting schemes are applied to model tool selection for
two tool uses: i) a research-oriented use, where the focus is to under-
stand different aspects of nexus interrelations, and ii) a policy-informing
use, where the focus is to inform on the public and social aspects of
nexus impacts. For example, in an application where WEFN related
research is the priority, the focus is on parameter comprehensiveness
(which sheds light on how WEFN sectors interact) and scenario building
(which shows how these interactions change under different circum-
stances). On the other hand, in an application where the public and
social aspects of the WEFN are a priority, the focus is on stakeholder
involvement (to determine how the WEFN affects different players) and
temporal considerations (to determine how the effects play out over
time).

Weights are generated to reflect criteria importance with respect to
the purported tool use. The weights are generated using AHP, where a
pairwise comparison is used to identify the preference of one criterion
over another using the Saaty scale (Saaty, 1987). The Saaty scale pro-
vides numerical values (1-9) that are used to reflect the importance of
one criterion with respect to another (i.e., the pairwise comparisons).
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The pairwise comparisons are then converted to a set of weights that
correspondingly reflect criteria importance (Cinelli et al., 2014; Dia-
z-Balteiro et al., 2017). The overall performance (between 0 and 1) of a
tool is calculated with a linear additive model using the weights for each
criterion and the respective scores for each alternative (Cinelli et al.,
2014).

AHP is advantageous in that it allows for the checking of inconsis-
tency. Specifically, a consistency ratio (CR) is calculated to ensure that
the comparisons are conducted systematically. The CR is calculated from
the ratio of a consistency index to a random index. The consistency index
is calculated from the size of the comparison matrix and the principal
eigenvalue. On the other hand, the random index is obtained from the
literature found in Saaty (1987) (the reader is referred to this reference
for additional information on CR calculation). The random index tends
to increase as the size of the matrix grows. As such, where typical CR
values should remain below 0.1 to reflect consistent results, in cases
where the matrix size exceeds 9 (as in this case, where the size is equal to
the number of criteria), a ratio of 0.2 is the acceptable limit for consis-
tency (Wedley, 1993). However, to ensure consistency in judgment, an
upper limit of 0.1 is applied for the CR value.

An independent set of weights is derived from expert opinion. In a
survey conducted using the 1000minds software (1000 minds, 2020), 36
field experts are asked to rank the criteria in order of importance for the
selection and evaluation of an WEFN tool. The experts are identified
based on: i) contribution to the WEFN tools considered (authors in
journal articles presenting the tools), and ii) experience in established
institutions that cater to WEFN related work (World Bank, Food Agri-
culture Organization, and Consultative Group for International Agri-
cultural Research among others). The criteria rankings are converted to
a preferential set of weights using the Simple Multi-Attribute Ranking
Technique Exploiting Ranks (SMARTER) method, which operates based
on the rank order centroid equation for weight derivation (Riabacke
et al., 2012). The different expert opinion weights are averaged to yield
one overall set of weights. The application of AHP, and the resulting
pairwise comparisons, are presented in the supplementary material
(Tables S4 and S5).

2.4. Case study application to selected tools

To better illustrate how the selected tools serve in terms of applica-
tion, a case study is applied to the selected tools. The case study is
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designed for purely demonstrative purposes, to showcase a base run of
the tool. It is not meant to deep dive into and cover the breadth of po-
tential tool use. Rather, the objective is to show tool application, and
how the application differs from one tool to another, thereby reinforcing
the notion that tool use is a driving factor in selecting the most suitable
tool for said purpose.

The case study is set up generically with a limited set of parameters
across the WEFN sectors, as shown in Fig. 1. Parameter values are
selected based on approximate global per capita averages. The study
area description is summarized in the figure below, with additional in-
formation in the supplementary material.

Fig. 2 summarizes the applied methodology for tool selection and
case study application.

3. Results

The WEFN tool selection process entails deriving the criteria weights,
based on criteria importance with respect to tool use, and then using the
weights to drive tool selection.

3.1. Criteria weighting and ranking

Table 1 presents the AHP generated weights for the two tool uses and
those derived from expert opinion using SMARTER. The consistency
ratio for both tool uses is below 0.1, indicating that the pairwise com-
parisons made in AHP reflect consistent judgement. A ranking of the
criteria based on generated weights is shown in Table S8 in the sup-
plementary material.

3.2. WEEN tool selection

Table 2 presents the results of the selection process, listing the three
selected tools across the categories. There are four scenarios in each
category: i) baseline scenario where all assessment criteria are given
equal weights, ii) policy-informing use scenario with AHP-generated
weights, iii) research oriented use scenario with AHP-generated
weights, and iv) expert-based scenario where weights are generated
based on expert opinion. The four scenarios are applied to all the tools at
once (no categories) and then to the three individual categories (meth-
odology, software, and web interface tools). It is noted that these sce-
narios are for comparative tool use purposes, and not to judge the

Water

Sugar

Fig. 1. Case study description.
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Fig. 2. Summary of applied methodology.

Table 1
Criteria weights generated from AHP for research oriented and policy informing
uses and from expert opinion (the top three criteria weights are in bold).

Policy Research Expert

informing use oriented use opinion
Accessibility (ACC) 0.028 0.022 0.099
Economic factors (EF) 0.073 0.013 0.145
Ease of use (EoU) 0.031 0.021 0.120
Environmental factors (EVF) 0.07 0.165 0.148
Flexibility (FL) 0.016 0.045 0.068
Parameter 0.018 0.214 0.062

comprehensiveness (PC)

Scenario building (SB) 0.126 0.121 0.060
Social factors (SF) 0.063 0.012 0.094
Stakeholder inclusion (SI) 0.242 0.041 0.089
Spatial scales (SS) 0.014 0.09 0.067
Temporal scales (TS) 0.16 0.099 0.047
Uncertainty (UN) 0.16 0.059 0.036
Consistency ratio 0.097 0.099

superiority of one tool over another.

Eight unique tools are selected (ranked first across scenarios), out of
an original pool of 58. Notably the three tools selected across the cate-
gories tend to remain the same ones across the varying weighting
schemes, with a couple of new tools appearing (for example, Yue et al.
(2021) and Chen et al. (2020)). When considering the top 10 tools across
categories and uses, it is typical for the same tools to appear but in
different rankings. In the methodology tool category, 14 unique tools
appeared in different rankings across the top 10 in all four scenarios
(total of 40 rankings). On the other hand, 17 unique tools appeared in
the software tool category. The web interface tool category contains
only 6 tools, and as such all the tools appeared. Table S9 in the sup-
plementary material lists these tools.

3.3. Case study application

Because some of the tools are very involved, either in the form of
stakeholder engagement or extensive data requirements, it was not
possible to conduct the case study on all the selected tools. Out of the
eight selected tools, five were applied: EWF Nexus Tool, ISM, MuSIA-
SEM, Sanchez-Zarco et al. (2021), and ELS. The others were excluded
due to massive data requirements, inaccessibility (provided link un-
available), and requirements for stakeholder engagement.

General results are presented here for comparative analysis. Table 3
presents overall resource consumption values based on the applied tool.
The table also provides a brief description of the tool’s conceptual basis
and additional outputs it generates to help the reader better understand
how the tool operates. It is noted that this does not capture the full
breadth of tool application, rather it describes how each tool was used
for this case study. The supplementary material provides more detail

about input data, tool application method, and specific results.

In most analyses, a control set of output values is required for proper
benchmark comparison. However, because each tool is developed
differently, accounts for different components, and the lack of a uni-
versal WEFN definition or standard method of analysis, the overall
resource consumption values differ significantly when applied to the
same case study. For example, energy consumption in the EWF Nexus
Tool is higher than that resulting from other tools, whereas water con-
sumption is less. The former is because the tool calculates energy con-
sumption over the life cycle of the simulated system, and this includes
embedded processes not included in the other tools. On the other hand,
water consumption is less because the simulated system does not include
domestic and industrial end uses which are included in the other tools.
As such the resulting energy value would technically be greater if these
end uses were included. The other differing value is that of energy
consumption in the Sanchez-Zarco et al. (2021) tool. This difference
arises because this tool is an optimization tool applied to minimize total
cost, GHG emission, and freshwater consumption. To satisfy these ob-
jectives, the tool reduced energy consumption (mainly from the petro-
leum energy source, see supplementary material for more information),
while ensuring all required demand is met. The other consumption
values are those characterizing the case study (described in Supple-
mentary Table S10). It is notable that in technical terms ISM tool does
not provide quantitative resource consumption values, its results being
limited to generating a factor hierarchy to identify points of significance
within the WEFN system. In this case, numerical values are attributed to
the identified factors (as is shown in the table), however that is not the
main result of the tool application (available in the supplementary
material).

4. Discussion

This section discusses the results of tool ranking based on intended
user and tool selection.

Given the nature of policy making which necessitates the involve-
ment of different actors across governmental and often non-
governmental agencies, coupled with the breadth of the WEFN itself
spanning multiple sectors, a tool that caters to the participation and
collaboration of stakeholders serves well for the allocated purposes (WB,
2010). Temporal considerations are also significantly important because
they allow for long term planning, another pivotal policymaking aspect,
with regards to both resource management and allocation. Similarly,
accounting for risk and uncertainty enables decision makers to make
better plans in terms of resource stock and resilience in the face of
natural and man-made adversities (WB, 2020).

As for the criteria with a research oriented use, parameter compre-
hensiveness ranks first. This is because a larger number of parameters
builds a more complete picture of the characteristics of studied system,
thereby facilitating a deeper understanding of associated nexus
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Table 2
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Selected WEFN tools overall and across categories for four scenarios: baseline (equal criteria weighting), AHP generated weights (policy informing and research
oriented), and expert derived weights.

Baseline

Policy informing use

Research oriented use

Expert opinion

No categories (58)

Methodology Tools
(25)

Software Tools (27)

Web Interface
Tools (6)

1. Sanchez-Zarco et al. (2021)/Purwanto et al.
(2021)/ELS, Biggs et al. (2015) *

2. CLEWs, Howells et al. (2013)
Gonzalez-Rosell et al. (2020) ©

3. ISM, Li et al. (2019)

1. ELS, Biggs et al. (2015)

2. MuSIASEM by Giampietro et al. (2013)

3. Nexus Assessment by Flammini et al. (2014)
1. Sanchez-Zarco et al. (2021)/Purwanto et al.
(2021)

2. CLEWs, Howells et al. (2013)
Gongalez-Rosell et al. (2020) b

3.1ISM, Li et al. (2019)

1. iSDG, Millennium Institute (2017)

2. GREAT-FEW, Lin et al. (2019)

3. Foreseer, Cambridge (2020)

1. Purwanto et al. (2021)
2. Sanchez-Zarco et al. (2021)

3. MuSIASEM by Giampietro
et al. (2013)

Gonzalez-Rosell et al. (2020) €
1. MuSIASEM by Giampietro
et al. (2013)

2. Teitelbaum et al. (2020)

3. Nexus Assessment by
Flammini et al. (2014)
1. Purwanto et al. (2021)

2. Sanchez-Zarco et al. (2021)

3. Tabatabaie and Murthy
(2021)

Gonzalez-Rosell et al. (2020)

1. iSDG, Millennium Institute
(2017)

2. GREAT-FEW, Lin et al. (2019)

3. Foreseer, Cambridge (2020)

1. EWF Nexus Tool,
Al-Ansari et al. (2014)
2. CLEWs, Howells et al.
(2013)

3. Yue et al. (2021)

1. ELS, Biggs et al. (2015)
2. Chen et al. (2020)

3. Villarroel Walker et al.
(2014)

1. EWF Nexus Tool,
Al-Ansari et al. (2014)

2. CLEWs, Howells et al.
(2013)

3. Yue et al. (2021)

1. GREAT-FEW, Lin et al.
(2019)

2. Foreseer, Cambridge
(2020)

3. iSDG, Millennium
Institute (2017)

1. ISM, Li et al. (2019)
2. ELS, Biggs et al. (2015)

3. iSDG, Millennium Institute
(2017)

1. ELS, Biggs et al. (2015)

2. MuSIASEM by Giampietro
et al. (2013)

3. Nexus Assessment by
Flammini et al. (2014)

1. ISM, Li et al. (2019)

2. CLEWs, Howells et al. (2013)

3. Purwanto et al. (2021)

1. iSDG, Millennium Institute
(2017)

2. GREAT-FEW, Lin et al.
(2019)

3. Foreseer, Cambridge (2020)

@ All of these three tools have the same utility value and all are selected equally in first place.

b The tool Gonzélez-Rosell et al. (2020) appears as the second selected tool when the additional 10 studies are included for a total of 68 (as opposed to the initial 58
studies the resulted from strict adherence to the inclusion/exclusion criteria). Otherwise, the other tool (CLEWs, Howells et al. (2013)) originally appears instead.

¢ The tool Gonzalez-Rosell et al. (2020) appears as the third selected tool when the additional 10 studies are included for a total of 68 (as opposed to the initial 58
studies the resulted from strict adherence to the inclusion/exclusion criteria). Otherwise, the other tool (MuSIASEM by Giampietro et al. (2013) and Tabatabaie and

Murthy (2021), respectively) originally appears instead.

Table 3
Tool description and resource consumption values based on case study
application.

Tool Conceptual Water Energy Food Additional
basis (m®) o)) (tons)  outputs
EWF Nexus Life cycle 1.16 7.62 1.68 Environmental
Tool analysis E+06 E+11 E+06 impacts
ISM Structural 6.57 4.48 1.68 WEFN factor
factor E+09 E+11 E+06  hierarchy
analysis
MuSIASEM Accounting 6.57 4.48 1.68 Resource flow
method E+09 E+11 E+06 distribution
Sanchez-Zarco Optimization 6.57 2.4 - Cost, GHG
et al. (2021) E+09 E+11 emissions, and
security indices
ELS Indicator 6.57 4.48 1.68 Livelihood
analysis E+09 E+11 E+06 indicators

interlinkages (Leonelli, 2020). Similarly, an elevated scenario building
capacity allows for better observation of how parameters and relation-
ships change under different circumstances, thus improving the overall
quality of the research (Ramirez et al., 2015). With respect to environ-
mental factors, that is a top ranking criterion because climate change
and environmental considerations are a pressing concern in the scien-
tific community (Stokes et al., 2015).

Expert opinion dictated that the economic factors criterion is the
most important criteria, followed by environmental factors. The former
puts forth the practical nature, mainly costs, that needs to be considered
for the feasibility of implementing any recommendations derived from
the tool. It is expected that environmental factors criterion is important
because it reflects a significant concern that needs to be accounted for.
However, it is rather unexpected that ease of use ranked in the top three
criteria. Perhaps, this reflects a need for a manageable tool that

facilitates nexus assessment.

In terms of the selected tools for the different scenarios, the meth-
odology tools category and web interface tools results were more
consistent. For the methodology tools, ELS ranked first for all scenarios,
except for the policy informing use scenario where MuSIASEM was
selected. ELS is a tool that places livelihood at the center of the WEFN.
The primary feature of this tool is its incorporation of the relevant in-
dicators for the measurement and quantification of livelihoods
economically, environmentally, and socially, and in relation to the
nexus sectors (Biggs et al., 2015). This gives it a high score in terms of
economic factors, environmental factors, and parameter comprehen-
siveness, which are driving criteria for the non-policy-informing sce-
narios. On the other hand, MuSIASEM has a component that involves
stakeholder engagement Giampietro et al. (2013), explaining its selec-
tion for a policy informing use scenario.

In terms of the web interface tools category, the iSDG tool was
selected for all scenarios, except for the research oriented use scenario
where GREAT-FEW ranked first. iSDG is a simulation tool that produces
scenarios showing how national WEFN related policies affect a country’s
SDG achievement progress and provide cross sector long term analysis of
alternative policy impacts (Shannak et al., 2018). As such it effectively
caters to the policy informing use scenario and includes the economic
and environmental factors that make it the selected choice for the expert
scenario. On the other hand, GREAT-FEW better fits the research ori-
ented use scenario because it has more WEFN related parameters and
environmental impact factors.

The software tools category had a unique tool for each scenario.
Sanchez-Zarco et al. (2021) ranks first in the baseline scenarios because
it caters to most of the assessment criteria, particularly: parameter
comprehensiveness, scenario building, and environ-
mental/economic/social factors. The EWF Nexus Tool ranks first for the
research oriented use scenario. This tool applies life cycle analysis (LCA)
to the WEFN, and thus scores high in terms of parameter
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comprehensiveness and environmental factors, which are important in
research oriented use. Purwanto et al. (2021) comes first in the policy
informing use scenario because the tool’s model conceptualization is
based on stakeholder engagement and expert consultation and opinion,
thus scoring highly on stakeholder inclusion, which is the most impor-
tant criterion for this scenario. The ISM tool presented by Li et al. (2019)
ranks first in the expert scenario, which can be explained by the fact that
the tool results in a hierarchy of WEFN factors (economic, environ-
mental, social, or as dictated by user) and the factors criteria drive the
expert scenario selection.

Because the recommended upper limit of criteria is 9 (Saaty and
Ozdemir, 2003), alternative scenarios are simulated where the number
of criteria is reduced from 12 to 9 to determine the sensitivity of the
results to this change (on the original set of 58 initial tools). To achieve
this, three criteria (spatial scales, temporal scales, and uncertainty) are
removed because they have the lowest weighting, as derived from expert
opinion (the resulting weighting schemes are in the supplementary
material in Tables S6 and S7). It is noteworthy that the resulting tool
selection yields similar results such that the EWF Nexus Tool is selected
for research oriented use (as is the case with the 12 criteria assuming no
tool categories), followed by CLEWs by Howells et al. (2013) and a
newly appearing tool in the top three selected tools: GCAM by JCRI
(2015). For policy informing use, the ISM tool is selected, matching its
selection in the scenario of expert opinion, and followed by MuSIASEM
by Giampietro et al. (2013) and the Nexus Assessment tool by Flammini
et al. (2014). For the expert opinion scenario the three selected tools in
order are MuSIASEM by Giampietro et al. (2013), CLEWs by Howells
et al. (2013), and Purwanto et al. (2021). Naturally the shift in criteria
number and weight does result in changes in the intermediary ranking of
the tools, but the selected tools tend to remain the same across scenarios.

In addition, in the scenarios where the ten additional tools are
incorporated into the initial set of tools, one new tool, Gonzalez-Rosell
et al. (2020), appears as the second and third selected tool in the base-
line and policy informing scenarios, respectively. Of the ten additional
studies, only one study appeared in the top ten selected tools across all
scenarios (at different levels, based on scenario). As such, for the pur-
poses of this work and the way this selection problem is set up, the
rationale for non-specific tool inclusion is deemed appropriate. This is
not to say that no specific tool can be used for other purposes. On the
contrary, in line with user objectives, such specific tools can be included
in the initial set if they are assumed to potentially serve ultimate user
objective, providing another facet of customizing the selection process.

Overall, the relatively low tool selection frequency across scenarios
(over 50% of the tools appeared within the top ten rankings across all
scenarios for all categories) reflects how variable the selection process
can be and provides evidence-based findings that there is yet to be a
universal tool that can satisfactorily appeal to universal user preference.
The fact of the matter is that, as of yet, no single nexus model can address
all WEFN aspects (McCallum et al., 2019). Moving forward, it seems
worthwhile to focus on developing more advanced selection processes to
provide a systematic means for determining which WEFN tool best ap-
plies to a given situation or specified set of user preference.

The vastness of the nexus and its many, still unclear, in-
terconnections render it nearly impossible to completely account for all
possible criteria/aspects and satisfy all user interests simultaneously. As
such, the selection strategy entailed a set of criteria spanning multiple
bases of interest, and then weighting the criteria based on tool use. It is
noted that the selection of a tool does not mean that it is better than the
other tools, rather it is selected because it best fits the specified set of
criteria and weights. The weighting process is subjective to the user’s
pairwise comparisons in the AHP process and this attributes the selec-
tion approach with the ability to reflect user interest. Thus, the proposed
selection approach has a versatility that allows it to be tailored for more
specific selection requirements in terms of user preference. Specifying
use objective, or target audience, was a concept underlined by multiple
experts when asked to rank the criteria. Tailoring the selection process
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can come in the form of more specific criteria, more extensive tool in-
clusion, a modified scoring rubric, and more particular weighting
schemes (for example, user does pairwise comparison of criteria for
weight generation), all in accordance with the user’s objectives.

Furthermore, the nature of certain criteria aspects such as social
factors and stakeholder involvement are not evaluated but should be
considered in future work, as the issue of quantifying and scientifically
assessing these factors is an issue in and of itself. Herein comes another
opportunity for selection process customization where the criteria can
be more specific to address these concerns. Other considerations that
can be included are WEFN optimization and a more detailed delineation
of differences across spatial and temporal scales.

Another aspect to consider is whether the capabilities of the WEFN
tools match user needs. It is noted that objectives are defined in general
terms. There are many research-oriented uses and lumping all of them
under a single umbrella of objectives can diminish from said objectives.
The same applies to the policy informing use. However, for the
demonstrative purposes, this generic grouping serves well, as more
detailed objectives can be defined, and the approach tailored accord-
ingly. Case study results further reinforce this notion, that is, the spe-
cifics of the designated project objective and the user’s technical
background play a significant role in determining the true suitability of a
selected tool.

To the authors’ knowledge, no other work has sought to apply the
same case study to multiple WEFN tools. It is noted that these results are
not intended to fully capture the breadth of utilization for these tools,
but to provide insight into the performance of the tool in assessing the
WEEFN. Each tool has its advantages and disadvantages, and further re-
inforces the difficulty in capturing the WEFN in its entirety. Perhaps, an
alternative to achieving a “universal” WEFN tool is combining existing
tools so that they compensate for what the other lacks. Throughout the
case study applications, different aspects of different tools com-
plemented one another. For example, the livelihood indicators were
calculated based on the equations from the Sanchez-Zarco et al. (2021)
model. The resource demand values used in the EWF Nexus Tool were
those developed for the MuSIASEM tool. For more detailed analysis, the
values of different parameters could have been extracted from the LCA
of the EWF Nexus Tool and used in other tools. This complementariness
alludes to the potential of linking and combining tools for more exten-
sive WEFN assessment.

5. Conclusion

The abundance of nexus tools, with no systematic selection strategy,
complicates an intrinsically complicated problem. The feasibility of
developing such a universal tool is challenging given the breadth of
range that it must encompass. The presented selection analysis provides
a rudimentary rundown of WEFN tools in the literature to determine
which better fit different uses. The results of the approach indicate that
intended tool use is a significant driver in determining the suitability of a
potential tool. Furthermore, the ability of the user to specify the relative
importance of the selection criteria plays a key role in tailoring the se-
lection process to yield optimal results.

As more tools are developed, they can be added to the initial selec-
tion pool. Based on the insight derived from this work, it is recom-
mended that focus be given to a systematic selection process, with new
tools developed in line with very specific objectives and taking into
consideration the potential of combining them with existing tools for
more effective performance in WEFN evaluation.

However, tool selection is only the first step. Applying the tool can be
complicated as hidden nuances do not come to light until it is used. As
such, a case study is applied to five of the selected tools. Each tool re-
quires its own set of input data, has a different methodology, and gen-
erates different outputs. A comparative analysis of the tool results
reveals a core difference in tool functionality. Aside from tool func-
tionality, there are issues of data availability and accessibility. While the
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selection criteria do provide a general direction in terms of which tool
may be most suitable for user needs, it may be worthwhile to apply a
second selection round (to the top ten selected tools of the first round,
for example) with more detailed criteria specifications to further narrow
down the selected tools to a single one that more effectively meets user
needs and objectives. This is difficult to achieve in a single selection
round because quantifying user objectives, skills, and accessibility in the
form of criteria is not a straightforward matter.

The case study application highlights the complementary potential
of tools in providing missing links between one another. The implica-
tions behind this observation support the notion of linking existing tools
to complement one another and provide comprehensive WEFN assess-
ment, in an accessible fashion. While this may not be a “universal” tool,
it poses the question of whether it is more worthwhile to combine
existing tools or continue attempts to develop a new “more universal”
tool. Both options are complicated, and until a scientific consensus is
achieved, tool selection via MCDM seems to be a promising short term
solution.
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