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Abstract: This paper explores the place of technological interventions in the conceptualisation of
the Water-Energy-Food Nexus (WEF Nexus). The focus is on the just infrastructure interventions
required to decarbonise and adapt to the challenges of the climate crisis for sustainable livelihoods.
We explore the overlap between two bodies of work, the WEF Nexus and Socio-Technical Systems,
grown from different disciplinary perspectives, to scrutinise the extent to which there is a coherent
synthesis of work that can examine infrastructure impacts and trade-offs in a WEF system. Following a
systematic literature review and analysis, a framework is proposed for water and energy infrastructure
interventions to both support sustainable development and recognise infrastructure’s role in a just
and equitable society. This framework will support the creation of models that are less likely to miss
vital components of a system or potential trade-offs and supports a multi-disciplinary approach to

infrastructure interventions.
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1. Introduction

Water and energy systems are intimately connected [1,2]. The importance of this
connectivity is acutely seen through the lens of the water—-energy—food nexus (WEF nexus)
where life-essential water-energy interactions with land use and food production are
exposed. The WEF nexus is a key component of sustainable development [3-5] and points
to the interdependency of WEF systems and the unintended consequences, or lost potential
benefits, in considering one system in isolation from the others [3-5]. In engaging with
critical infrastructure systems for sustainable development, an inclusive systems view
is required.

The critical infrastructure systems we rely upon need to decarbonise and adapt if
we are to meet the challenges of the climate crisis. In reviewing those systems, seeing
infrastructure as a Socio-Technical System [6] can help to ensure that a new infrastructure
intervention is constructed in its social context and is acceptable and meets the needs
of the communities it is designed to serve [7,8]. This is even more important in times
of transformational change with new and adapted systems taking shape. Viewing these
changes through both WEF and Socio-Technical System studies can offer opportunities for
a fuller social and environmental systems view of impacts and opportunities.

This paper explores the literature at the interface of WEF and Socio-Technical Systems
to investigate the extent these concepts have been synthesised to enhance infrastructure
interventions and support the Sustainable Development Goals (SDGs), particularly SDGs 6,
7,and 9 [9]. In addition to WEF and Socio-Technical Systems, this paper includes a further
issue often missing in the discourse. When bringing about transformational change, there
will almost inevitably be ‘winners” and ‘losers’. How those that benefit and those that do
not is decided is arguably a measure of our success (or otherwise) in achieving a just society.
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The role of justice is therefore explored as supported by the need for both sustainability
and justice in the articulation of the ‘just transition’ to net zero emissions [10,11].

This articulation is important if we are to meet the challenges of the climate crisis
whilst ensuring context-sensitive and just infrastructure interventions [12,13]. Often, con-
ceptualisations of social and ecological systems such as WEF neglect to integrate technology,
prejudicing sustainable development [12,13]. Getting infrastructure interventions ‘wrong’
brings potential issues over interventions not only failing to meet community needs but
even increasing vulnerabilities [14,15]. Further illustrative examples include discussions on
suitable and acceptable sanitation systems [16], the factors around the siting of hydropower
plants beyond technoeconomic factors [17], or over-reliance on hard infrastructure, at least
in part, leading to disaster [18]. Resolving this gap will also support our work on the
Management of Disaster Risk and Societal Resilience project (MADIS) (funded by the
Engineering and Physical Science Research Council (EPSRC, Grant no. EP/V006592/1, UK
and the Belmont Forum) under the following project title: Theory of Change Observatory
on Disaster Resilience) [19], working with drought-prone small-scale farmers in developing
economies. In that project, we aim to identify a range of drought indicators for coping
and adaptation to drought, beyond meteorological features [20]; to include WEF systems,
social context, and the impacts of infrastructure interventions, with the aim to understand
trade-offs; and to support informed decision making around potential interventions.

Socio-Technical System, WEF, and justice are three lenses that can be used to evaluate
the impacts and emergence of transformational infrastructure change. The aim of this paper
is to explore how the learning behind these concepts can be integrated in infrastructure
interventions to achieve social, environmental, and technological change “justly’. This will
be achieved through a systematic review of the literature that addresses frameworks for
WEF and Socio-Technical Systems thinking, including a review of the extent to which justice
is considered within those texts. This will showcase work that addresses the intersection of
these concepts and will seek to synthesise the findings. The contribution to knowledge will
be the resulting framework called Just Technological, Ecological and Social infrastructure
Systems (JusTESS) that captures these concepts and systems around infrastructure trans-
formations and enables the benefits of their integration to be explored. The value of this
literature review will be in exploring the extent that the WEF, Socio-Technical Systems, and
justice studies are integrated and exposing gaps and opportunities for synthesis. The value
of the framework will be by offering a comprehensive and integrated view of infrastructure
transitions within these fields, with questions and insights that account for a fuller system
view to be advanced through further research.

This paper sets out the key conceptual terms in Section 2, including a discussion on
some of the existing models and frameworks that may illuminate the connectivity between
WEF and Socio-Technical Systems. Section 3 sets out the methodology for the systematic
literature review. Section 4 sets out the results of the systematic review, which are then
discussed in Section 5 along with the introduction of the JusTESS framework. This is
followed by the conclusion in Section 6.

2. Context

Socio-Technical Systems, WEF, and justice have developed from different disciplinary
backgrounds. To cater to a multi-disciplinary readership, the concepts behind these terms
are summarised in this section.

Socio-Technical Systems address how the technical components of a system impact
social structures and vice versa [8,21]. A body of work on Socio-Technical Systems addresses
the transition to net zero, technology’s role in the move to more sustainable systems,
and the supportive social and governance structures that need to be in place for that to
happen [22,23]. As an illustration, in many instances, it is not the lack of technology
that is the barrier to change but the social acceptability of what is being proposed [23].
Socio-Technical System principles are well established and researched and help expose
the complex interaction between technology and perceived and real risks, in addition



Sustainability 2024, 16, 5962

30f20

to trust, governance, and stigmatisation, as well as design that is not context-sensitive.
Notable examples within infrastructure include narratives around nuclear energy [24]
and the domestic use of hydrogen [25,26], amongst others. Socio-Technical Systems as
a body of work can help us understand the opportunities and challenges in how social
and technical systems (in this case infrastructure) transform together. Understanding
and working with this connectivity helps mould technology and vice versa, improving
the prospects of innovation in our infrastructure systems being accepted and embedded
into society [27-29].

The promotion of the WEF nexus as a concept is credited to the World Economic
Forum'’s 2011 global risk report [30] and the subsequent Bonn conference [31]. The WEF
nexus considers water—energy—food as interlinked systems, which is essential when looking
at resilience in the context of increasing scarcity in resources, competition for those resources
between sectors, and resource security [32,33]. WEF nexus studies often consider the
interaction of these resource systems under different scenarios or in the face of change.
WEF frameworks have been used, for example, to build models and support indicator
selection for resilience, e.g., [34-36], or in sustainability assessments across sectors to
evaluate different scenarios and resource impacts following system changes, e.g., [1,37].
WEEF supports a more holistic, ecosystem view of infrastructure provision as opposed to a
siloed framing of energy, water, or food production (and land use) in isolation.

When reviewing the WEF nexus, with its application in sustainability studies, a body
of work known as Socio-Ecological System studies often underpins the thinking behind this
concept. Socio-Ecological Systems view social and ecological systems as interconnected,
co-dependent systems, often focussing on human rules, responses, and behaviours, e.g., [1].
Ostrom, and her Institutional Analysis and Development model (IAD), is a seminal actor in
this area, and she has addressed the social rules and systems around natural resources and
the impact they have on the sustainable use of natural resources [38,39]. Ostrom sought to
dispel Hardin’s ‘tragedy of the commons’ [40] as an inevitability and showed the complex
interaction of social and ecological rules and processes that impact the sustainability of
natural resources. The focus of attention and attributes of interest in Socio-Ecological
Systems and Socio-Technical Systems have areas of overlap, with key differences. The
physical attributes of a resource together with context and place are features of Socio-
Ecological Systems that can be lacking in Socio-Technical System studies [38,41].

The Stringer framework [33] integrates a Socio-Ecological Systems approach and
draws some of the WEF and Socio-Ecological Systems themes together with justice. It pays
attention to policymaking impacting the WEF nexus and policy influence on resilience out-
comes at different scales—local, regional, national, and global. The framework recognises
that resilience and WEF have been critiqued for their lack of explicit attention to justice
issues and that a system may be resilient, but outcomes may be unjust. This is addressed in
the framework by the integration of justice and equitable outcomes as components. In a
more recent framework by Kurian, the WEF nexus approach is visualised as a product of
the interaction of environmental resources, the intersection of interests, and the distribution
of risks [42]. In doing so, it tries to articulate the interactions and incentives that trigger
change within the WEF nexus and bring about a transformation of the system. Whilst not
referencing justice directly, it does refer to issues of poverty, equity, and trade-offs, which
the WEF nexus can help bring to light.

Both the Stringer and Kurian frameworks consider governance, rules, and interests
within the WEF nexus, although the role and influence of infrastructure is less clear [33,42].
Infrastructure can be viewed as a technical conduit between society and the environment,
connecting people with the resources it needs [13], and a Socio-Ecological Systems ap-
proach has been criticised for failing to address the agency of technology within these
processes [12,13,41]. This has led to new bodies of work that try to integrate Socio-Technical
Systems and Socio-Ecological Systems, e.g., [13,41,43]. The Social Ecological and Technolog-
ical Systems (SETS) work by Markolf et al., for example, considers the importance of these
components together when looking at infrastructure and highlights the connectivity of the
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social-environmental-technical spheres by reference to disaster studies, using Hurricane
Katrina as an illustration [12]. There are connections to justice within this new work in
highlighting a history of inequalities and vulnerabilities resulting in exposure to the worst
impacts of the hurricane, but it is acknowledged that SETS is a relatively nascent body of
work still conceptual in nature and requires further development [12].

To progress to a just transition, the role of justice needs to be clearly articulated.
Scholsberg’s highly regarded work on environmental justice can be drawn upon, which
expands upon Rawl’s work on distributive justice and integrates concepts of procedural
justice and respect and recognition [44—48]. The dimensions of scale and time in justice
assessments should also be emphasised, as articulated, for example, in recent work around
multi-scalar hydrogen justice [49] or in addressing past water distribution impacts on
indigenous populations [50]. This allows past injustices and colonial impacts, along with
impacts on future generations and full life-cycle management, to be expressly brought
into view.

The following systematic review looks at how the current literature integrates WEF
and Socio-Technical Systems, embodying the challenges of transformational infrastructure
change and the extent to which justice considerations are features of that assessment. The
question posed is, can a framework be developed to encapsulate the key components of a
just system, with reference to water—energy infrastructure change, to form the basis of a
model and indices for a just transition?

3. Methodology

A systematic literature review was adopted following the process utilised by
Yigitcanlar et al. [51]. The following search terms were identified:

Water AND energy AND food;

AND socio tech* (* to allow for variants including technology, technical, etc.);

AND framework.

The inclusion of ‘justice” was explored but resulted in too few results. The exclusion of
‘framework’ resulted in too broad a spectrum of results, and its inclusion helped focus on
studies where WEF and Socio-Technical Systems were conceptualised.

The review process was as follows (Figure 1).

s search Web of Science
cac())gu; ea;trc Search (142
( esults) Results)

Filter by Filter by
Category Category

’ 117 Results '
Merged
Duplicates
Removed

41 Abstracts
Reviewed

29 Texts
Selected

Figure 1. Literature review process.

The search terms were applied to the title, keywords, and abstract search in Scopus to
include grey literature, resulting in 303 results. The documents were screened to exclude
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categories not applicable to this study, for example, ‘medicine’. The process was repeated
with the database Web of Science, with 142 results identified and then screened, the
results merged with the Scopus results, and duplicates removed. The abstracts from
the resulting 41 texts were reviewed to further eliminate studies not relevant to the search
aims. Following the abstract review, 29 texts were taken forward into the study.

The publication dates of the 29 texts are shown in Figure 2. All were peer-reviewed
journal articles save for two conference papers.

9
8
7
“ 6
3
2 5
— 4
© 4
o]
Z 3
2 1
1
. _]
2016 2017 2018 2019 2020 2021 2022 2023 (to
date)
Year

Figure 2. Distribution of studies over time.

Despite the common search terms, what was immediately apparent was the broad
range of disciplines, scales, interests, and approaches within the texts, including qualitative
critiques, e.g., [52]; bottom-up capacity building and participatory approaches, e.g., [53];
policy development and scenario analysis, e.g., [54]; and quantitative modelling for system
optimisation, e.g., [55]. It was also apparent that whilst the texts touched upon aspects
of the WEF nexus and Socio-Technical Systems, it was to widely differing degrees. For
some texts, particularly the critiques, the content was highly relevant to the creation of a
framework. For others, particularly where their purpose was to quantify W-E, E-F, and
F-W linkages for a particular region, there were fewer overriding principles or insights
into WEF and Socio-Technical Systems to draw upon. The range of texts is noteworthy, as
it highlights the potential use, flexibility, and interest of these concepts and how they can
be embraced by different disciplines. The range also highlights the potential benefits of
a framework that can show how the seemingly diverse range of studies can be brought
together. Rather than focus on the differences, of interest here are the areas of commonality.

In devising a framework, there are many variants and diverse ways of categorising
the documents. Categorisation is useful in tracking differences within like categories and
for organisation and presentation purposes, but a standard system of categorisation, such
as by resource, focus, or scale, is not useful here as it either results in too many documents
or too few, often with little relevant content in common. Instead, the articles are categorised
through an iterative, reflective process of organising and re-organising until categories or
themes helpful to answering the research question emerge, drawing upon principles of
thematic analysis [56]. What was looked for were groups of studies with commonality
between them in terms of the methodological approach or, where that was not possible,
common subject matters or goals. The rationale behind the categorisation was to break
down a seemingly disparate group of texts and aid in the comparison between similar
approaches. Through this process, the categories chosen were (1) Quantitative Models,
(2) Modelling and Decision Support Frameworks, (3) Participatory and Social, (4a) Drivers
and Policy (Food), (4b) Drivers and Policy (Energy), (5) Disaster, and (6) Critiques.
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In categorising the studies, some fell within more than one category, and where that
occurred, the category most pertinent to the research issue was chosen. The categories are
listed with the reviewed studies in Table 1.

Table 1. Categorisation of reviewed studies.

Category Authors Ref. Number Scale(s)
Enayati et al., 2021 [57] Waterbasin (Iran)
Bai and Sarkis, 2019 [58] National, regional
s Lietal., 2021 [59] Regional (Corn belt, USA)
Quantitative Models Payet-Burin et al., 2019 [60] Waterbasin, cross-border (Zambezi River Basin)
Shi et al., 2020 [61] Waterbasin, cross-border (Syr Darya River Basin)
Yue et al., 2022 [55] Regional (Hubei, China)
Nisal et al., 2021 [62] Global
Modelling and Decision Nisal et al., 2022 [63] Global
Support Frameworks Mouriatidou et al., 2016 [64] Global
Hejazi et al., 2023 [54] Global, national (MENA)
Johnson and Karlberg, L 2017 [53] National (Ethiopia and Rwanda)
Participatory and Social Harmon et al., 2022 [65] Global, national, community, individual (55A)
Hibbett et al., 2020 [66] Regional, community
Miller, W (parts 1 and 2) 2019 [67,68] Community (Gold Coast, Australia)
Subedi et al., 2020 [69] National (Nepal)
Drivers and Policy (food) Smidt et al., 2016 [70] Regional (High Plains, USA)
Thompson et al., 2021 [71] Regional (Des Moines, USA)
Soares Dal Poz et al., 2022 [72] National, regional
Drivers and Policy (energy) Lefore, Closas and Schmitter, 2021 [73] National (MENA, SSA)
Y 8y Larsen et al., 2019 [74] Global, national, regional
Daher et al., 2021 [36] Global
Disaster Dhaubanjar et al., 2021 [17] Waterbasin, cross border (Indus basin)
Irwin et al., 2016 [75] Community, individual
Adom et al., 2022 [76] National (South Africa)
Cairns and Krzywoszynska, 2016 [52] National (UK)
Critiques Rollason et al., 2021 [77] Waterbasin, cross border
Avraam et al., 2020 [78] N/A
Bruns et al., 2022 [79] National, Community (SSA)

Scales range from individual, community, regional (within a country), national, and
global, with some across multiple scales. Waterbasin studies varied from in-country to cross-
border. Some studies had a general application; others were focused or had results that
were tested on a specific country or area. When a specific country or area was considered
pertinent to the study, it is specified in the table in brackets. SSA refers to sub-Saharan
Africa. MENA refers to Middle East North Africa.

4. Results

The studies were reviewed within their categories to understand how the social,
ecological, and technical interlinkages were conceptualised and for justice features that
could support the design of a framework. The analysis resulted in a nuanced understanding
of these broad themes, with new themes emerging.

4.1. Quantitative Models

In this section, studies that focus on the quantification of WEF links, as well as
computer-based and mathematical models, are brought together. These studies record the
results of models and indices relevant to a scenario or problem. The results of the studies
themselves are not of direct interest to this study. What is of interest are concepts behind the
models or the founding principles upon which the decision to select a particular category
of social, technical, or ecological indicators was made.

None of the texts present a framework integrating concepts within WEF and Socio-
Technical Systems, but there are features to consider. There are two broad sub-categories.
The first includes optimisation models, with examples here that assess technology with
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agricultural or hydrological components [55,59,60]. In these studies, if a social indicator is
included in the assessment, it is mostly linked to the economic implications of change, such
as labour cost [55], willingness to pay [59], and production for economic optimisation [60].

The second sub-category takes a wider view of social features, for example, assess-
ing socioeconomic security [57], accounting for stakeholder differences [58], or assessing
human behaviour and impacts on ecosystem needs [61]. The Bai [58] and Shi [61] models
suggest that governance, stakeholder behaviour, and values are dynamic and influential
components of a WEF-Socio-Technical System. Climate scenarios and global datasets were
used in the Enayati et al. study [57] on choices around new infrastructure and impacts.
The components of the decision support framework in the Enayati et al. study are more
difficult to interrogate, as are the findings that ‘the role of the social aspect of this project,
on the other hand, is practically negligible’ [57]. This could be construed as suggesting
social components are not relevant to their framework or just to its application in the study
but would require a more detailed interrogation of the underlying data to understand
this further.

Overall, with the two sub-categories, the former category arguably comprises indi-
cators that are more readily available and more objective, although limited in focus, to
optimisation and economics. The limitations of these approaches are addressed in the Cri-
tique section below. The latter category more readily aligns with Socio-Ecological Systems
thinking, which embraces differing interests and values, formal and informal rules, and
governance more widely as a key part of the resilience and sustainability of the system [38].

4.2. Modelling and Decision Support Frameworks

The four texts in this category could be included in Section 4.1 but have been separated
out for analysis because of their commonality, being framed at a higher conceptual level
than most other texts and utilising global datasets, with most of the other studies focusing
on national or watershed scales.

The Mouriatadou et al. study [64] modelled water—energy-land—climate systems to as-
sess how climate change may impact energy needs and land use and, in turn, water demand.
Water demand was considered under different water policy and shared socio-economic
pathways [64]. Similarly, the Hejazi et al. study [54] provided a quantitative model for
analysing water availability, covering energy and agricultural systems, and applied the
model to assess impacts at a regional level. It used climate scenarios, water management
paradigms, and socioeconomic development scenarios to predict water availability. The
Hejazi results suggest water scarcity is dominated more by demand requirements (such as
from power generation and agriculture) than by climate change impacts, highlighting the
influence of human and social decision making on resource sustainability.

Two papers led by Nisal [62,63] address a global model for sustainability with the WEF
nexus at its heart. The first study introduced the Generalised Global Sustainability Model
(GGSM), and the second used the model to address policy issues. GGSM is described as
a ‘simplified ecological food web set in a macroeconomic framework” [62]. The model
shows a production and recycling system with resources processed and consumed (noting
herbivores and carnivores), with both natural, ecological and human-influenced ecological
flows. The model also highlights the global resource pool that is, or can become, unusable
or inaccessible and how that may increase alongside pollution and the extinction of species.
The macroeconomic tool inputs ecological and economic parameters and then supply,
demand, wage, and population determinants. The infrastructure itself was not described;
the model is more about flows and production, albeit it is implicit that infrastructure will
be a conduit for those flows.

The Mouriatdou [64] and Hejazi [54] studies include a governance and interests
component with the Nisal works [62,63], taking a holistic view of the production cycle,
albeit with less in terms of explicit infrastructure and governance drivers.
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4.3. Participatory and Social

In contrast to quantification and top—down approaches, three other studies look at
participatory methods.

Johnson and Karlberg address participatory scenario building [53]. There are two
points from the study to take forward. Firstly, there was disagreement between stakeholders
over the best use of resources, as well as acceptance that disagreement may not be resolved.
The second is that whilst consensus might not be achieved, viewing issues through the
WEF nexus meant an understand was possible regarding the implications of decisions and
the impact these have on others. This recognises competing interests but with the potential
for the nexus to promote understanding—if not agreement.

Further nuances to social engagement are noted in the Harmon et al. study on Farmer-
Led Irrigation Development (FLID), noting that collective action does not necessarily mean
the avoidance of social exclusion [65]. The study addresses historical water governance
paradigms and contradictory Integrated Water Resource Management (IWRM) policies,
showing how these have been entangled into FLID applications.

The Hibbett et al. study looked at urban food production in small and medium-
sized towns [66]. It highlighted the data gap issues at this scale and sought to fill them
using participatory citizen science projects. This brings benefits in data gathering but also
potential improvements in social capital and social networks. A point made in the study is
the potential for these networks to be used in emergencies, supplying local data and social
networks to secure critical WEF lifelines and supply chains in response to emergencies.

Together, these studies note conflict between competing interests and the importance
of having a voice for all. Although not always articulated in justice terms, the first two
studies can be used to link justice principles to the distribution of benefits and burdens
and the importance of due process with all voices being heard in relation to distributional
decision making. Knowledge through data, enabling a ‘voice’ and flowing between people,
is also viewed as an important feature of the infrastructure system, and, in this way, data
collection can be viewed as an essential part of a participatory justice process [80].

4.4. Drivers and Policy

The studies in this category focused on governance and social policy. Most of the
studies focused on food, with the remainder focussing on energy.

4.4.1. Food

Nepal is addressed in the Subedi et al. study, where food and nutrition are said to be
more pressing than water availability [69]. The study looked at technological interventions
and ecosystem-based adaptation, albeit with an emphasis on the latter. In their framework,
biodiversity is described as ‘naturally and human-modified infrastructure’ [69], reflecting
the wider meaning that can be given to infrastructure beyond hard, concrete systems. The
promotion of nature-based solutions where possible is advocated for in the study. At
the centre of their modified nexus framework are dimensions of food security flanked by
environmental /natural capital on one side and social welfare income on the other. The
environmental aspects include ecosystem service stocks, access to natural capital, and
access to credit. Social welfare income includes employment, wealth, social and political
capital, and infrastructure, although the latter is not defined and is given a relatively
modest role. Within these categories, the issue of access to funds and governance are said
to be significant.

Smidt et al. address physical, agricultural, and socio-economic drivers around water
use in the US High Plains Aquifer, highlighting governance as a major driver behind
behaviour and resource use [70]. The study provides insights into governance at different
scales—for example, where governance decisions made at the national level can be sensitive
to local needs. Issues over land rights and ownership and the drivers around farmer
profitability were highlighted as potential policy levers. The study also notes that water
use in the region is intimately connected to short-term farmer profit [70] and suggests that
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without governance, through policy support and incentives to address profitability, current
behaviours will persist, and groundwater decline will continue.

In another developed economy—this time, Australia—socio-technical factors were
assessed in two connected conference papers by Miller, examining urban development
and urban food production [67,68]. In the case study, urban planning provided hard
infrastructure and supported soft infrastructure to enable urban food production. For
example, alongside estate-level sewage treatment and water recycling, there were legal
initiatives such as covenants attached to properties relating to solar and rainwater use and
social and online community portals.

Again, on urban food systems, Soares et al. sought to integrate ecological systems
into urban and peri-urban environments based on the governance of common pool re-
sources and socio-ecological systems [72]. Common features in Socio-Ecological System
studies were evident, for example, ‘rules in use” defining the interaction between resource
and community, as well as ‘place” and the social and physical setting of the community
under analysis [38].

The paper by Thompson et al. addresses urban food systems in the US [71]. They
included an agent-based model to integrate farmers’ decisions on the type and volume
of crop in response to demand, prices, and yield, etc. against different objectives, e.g.,
environmental protection or profit. Their research is a work in progress, and ultimately, it
is said that the model will be developed to include policy, social interaction, and markets.

From these studies comes the importance of ‘place’ and how infrastructure systems
create a space that allows for, or negates, nature and socially sensitive infrastructure.
Governance is seen as a behaviour modifier, whether that be through policies, modifying
funding and market-drivers, or harder legal requirements. The studies provide a means for
different types of infrastructure to be considered, beyond hard infrastructure systems.

4.4.2. Energy

Although energy is a feature in all studies, two have a dominant energy focus.

The first paper by Larsen et al. highlighted the close intersection between energy
production and water availability [74]. It discussed the amount of water needed in many
forms of electricity generation. Like the Hibbett et al. study mentioned in Section 4.3, it
noted data gaps that need to be filled for the interrelationship to be understood.

Data are also touched upon by Lefore et al. in the context of missing data around
marginalised communities and inequities [73]. The study examined policy in the context
of sustainable, solar-powered irrigation for smallholder farmers in the MENA and SSA
regions. It noted economic drivers behind the growth of solar use along with blockers and
unequal access in marginalised communities, with women referred to as the ‘bottom of
the pyramid” with extremely low access. Economic incentives and new business models
were suggested, including solar co-operatives and new forms of social organisation to wrap
around the technology to support it. The unequal access to resources highlighted in the
study supports the need for a distributive and procedural justice mindset when considering
improvements to infrastructure systems.

4.5. Disaster

Three studies expressly include disaster risk in their WEF and Socio-Technical Systems
assessment, aiding a view of the system under stress.

Dhaubanjar et al., 2021, provided a systematic framework for hydropower develop-
ment, which accounts for trade-offs, including WEF nexus impacts and natural hazards. Its
focus is on the difference between the theoretical potential of hydropower and its actual
sustainable potential when the trade-offs are considered [17]. ‘Sustainable exploitable
potential” is defined as the ‘sustainably achievable potential accounting for known haz-
ard risk, anthropogenic limitations and environmental constraints to sustainability” [17].
Geohazards form part of that assessment. Potential sites are either excluded if the risk
is too high or are included with an additional cost for land and building stabilisation to
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mitigate the risk. Place is a feature linked to (potentially extreme) conflicts of interest. Many
infrastructure projects may fall between jurisdictional boundaries. These jurisdictional
boundaries can come with historical and current conflicts and do not necessarily match the
geological or hydrological features for the best nexus approach. The potential for conflict
was therefore noted, and provisions were made for it by including additional cost and risk
factors. Social factors were highlighted as an area for future work, noting the desire for
stakeholder engagement to identify development preferences and socio-cultural values.
The study, therefore, arguably has a techno-environmental leaning, albeit highlighting
social values and preferences as work for the future.

The second article, by Daher et al., addresses the interconnectivity of WEF resources
and the impact of compounded shocks to those systems [36]. The study depicts the in-
terconnectivity of hazards and the impact on the WEF nexus, with a focus on migration,
pandemics, and natural disasters. In evaluating existing WEF models, the paper noted
that few studies consider disruptions or, if they do, do not cater to cross-sector impacts.
The resulting framework showed the impact flows between WEF systems and these three
hazards. The migration framework, for example, showed the impacts of increasing migra-
tion to a region, with the consequent impact on WEF resource availability. It also showed
triggers for migration away from a region due to water stress and inadequate food or
energy supplies. Migration and people flows were linked to resource flows, with people
flows impacting hazards, which in turn, impacts resources and vice versa.

The Irwin et al. study addresses how natural disasters can expose hidden vulner-
abilities within WEF systems [75]. The study is grounded in behavioural studies and
reflects on the need to address decision making in response to both environmental change
and innovative technologies. The model that was used integrated triggers called ‘Press
and Pulse Events” as prompts around technological innovation, human adaptation, and
impacts on WEF. It separates technological innovation from technological adoption in line
with Socio-Technical Systems approaches (not all innovations are socially acceptable). The
model incorporates ‘hazards’, WEF, technology, and human agency with the impacts of
migration and land use change. As a study that draws upon human-nature coupling and
technological adoption, it could arguably be viewed within the SETS literature.

The studies together draw upon themes of place and boundaries, conflict and values,
and behaviour and flow. These are dynamic interactions with flow changes in response to
a shock or disruption but can also cause a disruption to flow and services.

4.6. Critiques

The Avraam et al. paper is a critique of optimisation-based WEF studies (such as those
analysed in Section 4.1 above; [78]). Its concern is that critical decisions on priorities and
what is valued are made when one dataset is chosen over others. This leaves the potential
for decisions that express results as ‘optimal’, but which conceal the social and political
ramifications of decision making and where the competing objectives of stakeholders
are not considered. This a critical point to make and highlights the limitations of some
modelling and optimisation approaches in this field.

The Cairns et al. critique argues that the use of the WEF nexus in the UK is a
‘buzzword’ [52]. Like the Avraam study, it is concerned with the potential for WEF dis-
course to be biased towards technical solutions to environmental problems and technocratic
forms of environmental managerialism. Power imbalance is another theme, not only in
terms of vulnerable communities but across sectors, disciplines, and what is considered
both ‘expert” and ‘knowledge’. The authors promote social science as a way of challenging
some of the norms and practices that may emerge from the use of the nexus concept.

Rollason et al. examined the Socio-Ecological System and WEF models in the context
of Interbasin Water Transfers (IBWTs; [77]). The critique mirrors some of the conceptual
concerns raised by Cairns et al. IBWTs are noted as a technological solution rather than
one that addresses social norms around water demand. From their review of the IBWT
literature, concerns are raised over equity and unequal power relations, amongst other
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factors. Neither WEF nor Socio-Ecological System studies are considered solutions. Instead,
their ‘enhanced WEF Nexus’ interpretation shows the links between WEF, but within
each component are local, regional, and supra-regional levels to encourage the account
and consideration across the nexus at different scales. This is all set within the context of
governmental, environmental, societal, and economic drivers. Although infrastructure
systems play a role in IBWTs as the subject matter of the study, the role of technology and
infrastructure is not expressly conceptualised in their model.

Bruns et al. address nexus infrastructure with a political ecology lens [79]. It challenges
the nexus when construed in a neutral, apolitical way and instead advocates for the nexus to
be viewed as about resource systems and governance being political in nature and seeking
to address uneven outcomes. They also address less formal infrastructure processes, or as
they put it:

"Accordingly, nexus studies tend to have a very strong bias towards a focus on account-
able flows (omitting or ignoring unaccountable flows), formal networks (neglecting the
fragmented nature of infrastructure) and state provision’. [79]

As well as informal mechanisms, they highlight historical context in understanding
infrastructure systems, formal and informal, and disruptions. Disruptions are discussed in
terms of the inequalities they are likely to expose, as well as the opportunities for change.
They highlight low levels of agency amongst vulnerable groups, often women, limiting
their ability to mitigate resource insecurities.

Adom et al. critique the application of WEF policies in South Africa, noting a lack of
institutional synergies and cross-sectoral coordination [76]. Like the Harmon paper, the
study raises the notion of how good intentions badly implemented can lead to inequalities,
the entrenchment of poverty, and the shifting of a crisis from one sector to the other. It
notes issues of the lack of awareness of the nexus concept within the population and
policymakers. The study advocates for vertical and horizontal interaction oriented by
grassroots realities.

Power and governance and the political nature of infrastructure and WEF decision
making are a common thread in this category. The role of technology at the expense of
other control mechanisms such as behavioural or nature-based options are emphasised.

5. Discussion
5.1. Themes

This section identifies the themes driven by the studies and explains the rationale for
their inclusion in a framework. The suggested themes are discussed with an explanation
for their inclusion. This is followed by a table where each theme can be cross-referenced
with each study. The section ends with a discussion on how the themes can be viewed in
a framework.

5.1.1. Overview

The themes chosen were normative, representing accepted features of Socio-Technical
System or WEF studies or evolved from a review of the texts and are as follows:

Resources in an ecosystem;
Infrastructure services;
Influence of place;

Governance, interests, and scale;
Justice;

Flows;

Disruption and risk.

5.1.2. Resources in an Ecosystem

Inevitably, in view of the search terms and focus, the connectivity between
water—energy—food is a feature of all of the studies. W-E-F resources are viewed as
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integrated within an ecosystem rather than in sector-specific silos. This addresses the
criticism of studies outside the WEF nexus that miss the impacts and opportunities from
a cross-sector view [36]. Drawing upon the Nisal papers, this section should include not
only resources that are utilised but also resources that are inaccessible and unusable [62,63].
With WEF, this strikes a particular note when considering processes that pollute water or
intensify the desertification of land, for example, and is a useful reminder to be cognisant
of what could be irretrievably lost when choosing between interventions.

5.1.3. Infrastructure Services

The placing of ‘infrastructure services’ was evident in most but not all of the studies.
That this is sometimes missing is foreseeable. As discussed in Section 2, the underpinning
of many WEF studies is Socio-Ecological Systems thinking, which has, in the past, been
criticised for a lack of attention to the place of technology in a Socio-Ecological System [13].
It is also possible that the lack of focus on technology in some instances reflects a pur-
poseful desire to avoid a default towards hard technological solutions rather than softer
interventions such as governance and demand management, e.g., [52,69,77,78].

A new framework offers an opportunity to advance and include technology as part
of the system whilst being cognisant of these concerns. In any conceptual framework,
mention of the forms of infrastructure interventions should be broadly based with the
usable resources channelled through hard, soft, digital, or nature-based infrastructure
and not limited to hard, traditional, engineered systems, e.g., [69]. The preference for
nature-based solutions and more flexible, less rigid solutions can counter the prevailing
approach of hard infrastructure engineering, which has been criticised for its inflexibility
and lack of resilience, particularly to climate shocks [15,81]. At the same time, hard
infrastructure has its place as a potential solution, albeit no longer as the default option
but one in a range of potential propositions. This position reinforces the benefit of more
engineering and social science integration to ensure that a range of solutions are considered
for a context-sensitive design.

This theme also includes data in understanding infrastructure impacts and leads to
the explicit inclusion of data collection as part of the infrastructure services system [66,73].
Data collection enables an understanding of the flows of services and resources around the
system. Infrastructure and data are linked to other themes; for example, and as discussed
below, information is an enabler for procedural justice and due process. Conversely, the
lack of data can mean certain important parameters are ‘invisible’, inhibiting due process.

5.1.4. Influence of Place

The influence of place is noted in 15 studies. It occurred across the categories, save
for the Modelling and Decision Support Frameworks, which is explained by the attention
mostly on global datasets in that group. The influence of place was anticipated to be
significant from the Socio-Ecological Systems literature. Resources and infrastructure
services are influenced by place, where people function in a given environment [38].
Place can be geological, impacting water flows; geographic, placing physical boundaries
around a system; or administrative, which may not match watershed areas. Place sets
a physical and administrative boundary for the system of interest but can also include
context and historical influences, which can be a setting for conflict [17]. The infrastructure
systems within defined boundaries influence WEF and its place or context, and, vice versa,
infrastructure impacts production and its flow of resources and services.

5.1.5. Governance, Interests, and Scale

In terms of the social system, the dominant feature from the studies revolved around
governance, with this theme seen in 24 out of 29 studies. Governance discussions include
the use of forms such as policy, economic incentives, and legal and regulatory measures,
e.g., [67,82]. More than the forms of governance, however, power imbalances, competing
interests, and local, national, and global scales are features discussed particularly in the
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Critiques and Participatory and Social categories. What is seen is the importance of
governance as a mediator between competing interests, in turn impacting behaviour.

Governance was a key feature of both the Stringer [33] and the Kurian [42] frameworks.
Distinguishing between local, national, and international scales of governance was a partic-
ular feature of the Stringer framework with differing interests and degrees of power and
influence, including finance and funding availability [33]. Within the Kurian framework,
the inclusion of its ‘intersection of interests’” component was used in the explanation of
behaviour, movement, and tipping points in a system [42]. Drawing these frameworks and
the narratives from the studies together, the forms and tools of governance are deployed to
‘moderate’ between scales and mediate between competing interests, providing drivers for
behaviour in the system.

5.1.6. Flows

The theme of flow had examples in all categories except Critiques and Drivers and
Policy. Throughout the system, there are flows of resources, people, and data. The system is
in a constant state of flux. Flows can be prompted in either direction by resource abundance,
depletion, or risk, the results then impacting resource availability, e.g., [36,75] The flow of
WEEF resources through infrastructure to society is a fundamental part of an infrastructure
system. The discussions within the studies around flows, however, are more sophisticated
than simply the flow of WEF resources and include, for example, human and ecological
flows in the Nisal studies [62,63] and migration in the Daher study [36]. The theme of flows
is evident in all three studies in the Disaster category, where flows are disrupted, system
limits are exceeded, and mass flows or interruptions may be experienced, e.g., [36,62]. This
can lead to an interruption of services and harm but also potential change and benefits [75].
This theme helps to highlight the fact that systems are not static.

5.1.7. Disruption and Risk

Disruption and Risk is a prominent feature in the Disaster category, representing
features that impact the system and put it under stress, prompting positive and negative
changes to the flows of resources and people within the system. Disruption and Risk,
however, extends beyond disaster and shocks. They represent the vulnerability or otherwise
of the system to outages and interruptions more widely; this recognises that, in some
instances, a disruption of infrastructure services is the norm [79]. Shocks can be viewed
as external to the system, but following disaster management and vulnerability studies,
vulnerability to the impacts of disaster and shock is also a feature of the system itself [15,83].
It is noted that the impacts of shock and disruption may be experienced differently by
different groups.

5.1.8. Justice

The experiences of those within the system leads to the final theme of justice. Despite
the need for a ‘just’ transition, justice is far less prevalent than other themes, being clearly
seen in only nine studies. It is noted in the Participatory and Social and the Critiques
categories and is missing from Quantitative Models and Modelling and Decision Support
Frameworks. That it is more prevalent in qualitative than quantitative studies may reflect
perceived issues with how justice can be measured or operationalised.

Even when it is raised, there is no single coherent articulation of justice emanating from
the texts. There is no systematic application of the dimensions of justice such as equitable
distribution, due process, and respect and recognition. What is articulated is narrower
and focusses on injustices and who, how, and where outcomes of an unjust system may
be experienced, the gender experiences in the Lefore study being an example [73]. Where
justice is articulated, it offers insights into how the system may be experienced, including
how experiences may differ as a result of exposure to stress in the system, noting that the
most vulnerable in society often have fewer resources to adapt to and cope with risk and
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disruption [83]. The justice component in the design of a framework could therefore be
visualised in how disruption and risk is felt unevenly within the system.

5.1.9. Themes and Studies
Table 2 shows which studies contain which themes.

Table 2. Critical analysis of reviewed studies across themes.

Category Authors Reisl? gilces Infrastructure  Influence of Gi):til;r;::;ce, Flows Shocks Disruption Justice
Ecosystem Services Place and Scale and Risk
Enayati et al., 2021 [57] X X X
Bai and Sarkis, 2019 [58] X X X X
Quantitative Lietal., 2021 [59] X X X X X
Models Payet-Burin et al., 2019 [60] X X
Shi et al., 2020 [61] X X X X
Yue et al., 2022 [55] X X X
X Nisal et al., 2021 [62] X X X X
Dch!elhrgg and ¢ Nisal et al., 2022 [63] X X X X
eﬁiﬁgw‘;lr’fs"r Hejazi et al., 2023 [54] X X
Mouriatidou et al., 2016 [64] X X
Johnson and Karlberg, 2017 [53] X X X X
Participatory/Social Harmon et al., 2022 [65] X X X X
Hibbett et al., 2020 [66] X X X X X X
Miller, W (part 1 and 2) X X X X
(2 documents) [67,68]
Drivers and Policy Subedi et al., 2020 [69] X X X X X X
(food) Smidt et al., 2016 [70] X X X
Thompson et al., 2021 [71] X X X X
Soares Dal Poz et al., 2022 [72] X X X
Drivers and Policy Lefore; Cl%%azsl, ?;13% Schmitter, X X X X
(energy) Larsen et al., 2019 [74] X X X
Daher et al., 2021 [36] X X X X X X
Disaster Dhaubanjar et al., 2021 [17] X X X X X X X
Irwin et al., 2016 [75] X X X X X X X
Adom et al., 2022 [76] X X X X
Cairns and Krzywoszynska, N
Criti 2016 [52]
rifiques Rollason et al., 2021 [77] X X X X
Avraam et al., 2020 [78] X X X X
Bruns et al., 2022 [79] X X X X X

5.2. Framework

Drawing the themes together, the framework shown in Figure 3 is suggested, named
the JusTESS Framework (a framework for Just Technological, Ecological, and Social in-
frastructure Systems). The aim of the framework is to encapsulate the key components of
the studies.

/ ’@
Resources in an Ecosy stem

- Data Gathering

’ Inf rastructure Services

Justice

conomic savin 5
@ Geography @ Experiences
Geology Disruption and Risk ‘

[ Influence of Place

-
pow
Moderation -

| Governance, Interests and Scal

Figure 3. Just Technological, Ecological, and Social infrastructure Systems (JusTESS) Framework.
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The framework shows the themes of Resources in an Ecosystem, Infrastructure Ser-
vices, Influence of Place, and Governance Interests and Scale. Within each theme are
sub-themes that are suggested by the texts and analysis. These can be reviewed and
expanded upon as the framework is tested and applied.

The system is in a state of flux, indicated by flows that extend beyond WEF resources
and impact all themes. Again, this stresses that systems are not static.

The Disruption and Risk component represents the outcome of the system and empha-
sises where justice impacts may be experienced or may be a factor in prompting a transition.
The framework makes plain the role of infrastructure in context. The place of technology
has been overlooked on occasions and is expressly tackled in the framework. It is also
hoped that frameworks such as this will gain traction in the infrastructure engineering
field to encourage a wider system and problem framing when designing solutions [82].
This is encouraged by the deliberate and express inclusion of multiple forms of infrastruc-
ture. Indeed, applying the framework is likely to require input from multiple disciplines
and can act as a guide and prompt to multi-disciplinary teams working towards WEF
nexus solutions.

The value here is the integrated nature of the framework. In viewing the framework,
its immediate use as a prompt to critique WEF and Socio-Technical System studies is
apparent—for example, testing the choice of parameters and indicators in a proposed model.
It can be used to identify categories of indicators that might be overlooked, including the
extent to which resources become unusable or governance is analysed at different scales
and across borders. It is envisaged that the framework will support the consideration of
a wider range of indicators for WEF projects, infrastructure selection, policy change, and
scenario setting. The framework does not mean that all themes must be considered in every
study, but it prompts their consideration and justification if they are to be omitted from a
model. It is also anticipated that the components within the framework will be adapted as
work on the application of the framework advances.

Most significantly, the framework provides justice as an outcome of infrastructure
services, linking just (or unjust) experiences to infrastructure provision. It is this area
where the most amount of work is further required. The articulation of justice within the
texts is patchy and unsophisticated. This is not an exceptional finding, as a similar lack of
sophistication has been noted, for example, in the literature on water infrastructure [84], and
the need for justice is noted in the Stringer framework [33]. Further study is suggested to
expand upon the justice component of the framework beyond the texts. Whilst the tenets of
justice in terms of distribution, due process, and respect are well known, this a conceptually
developing field. There is emerging work pertinent to infrastructure provision challenging
Westernised views of energy justice [85], developing the role of restorative justice to remedy
past injustices [49], addressing how justice concepts can be operationalised into engineering
infrastructure models [86], tackling justice for non-human life [87,88], and applying the
concept of a ‘just transition” beyond its employment and economic roots [89,90]. The
framework provides ground to help develop and operationalise justice concepts, rooting
them within a WEF nexus and Socio-Technical Systems framing.

In terms of limitations and further work, what the framework does not do is profess
to synthesise the vast bodies of work around Socio-Technical Systems and WEF. What it
can do is provide a framework that guides the creation of questions around infrastructure
transitions to support that synthesis. Further work, influenced by previous approaches (e.g.,
see [91]), is envisaged by reviewing the Socio-Technical Systems and WEEF literature but
focusing on and developing questions for each theme—for example, in drawing together
bodies of work around the influence of place on technology and acceptability. This study
is also somewhat limited, by its nature of a systematic literature view, to the literature
identified. This has shown itself to be a particular issue with the articulation of justice
where there is a significant and recognised gap [91]. Further work expanding upon the
articulation of justice experiences linked to the themes is also envisaged.
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6. Conclusions

The aim of this study was to explore the extent WEF and Socio-Technical Systems
concepts had been synthesised to enhance infrastructure interventions that support the
SDGs and a just transition. In the studies identified, there was no coherent synthesis. To fill
the gap, a framework was developed to encapsulate the key components of the studies and
to visualise the environmental, social, and technological features of the system. This has
been achieved by synthesising learning from the literature at the intersection of WEF and
Socio-Technical System studies, looking for what bonds the diverse range of studies.

The resulting framework can support the creation of models and the selection of
indices for policy and decision making. The framework can be used to inform and eval-
uate policymaking. It will also enable a critique of existing infrastructure studies more
widely, identifying gaps in thinking, with the overall goal of encouraging infrastructure
interventions that are just, sustainable, and have a deeper and broader understanding of
their social and environmental impacts. The framework can be applied to the examples
referenced in the Introduction in order to prompt a wider system view of new sanitation
systems and hydropower siting beyond techno-economic features, as well as potentially
support interventions that are at a lower risk of inadvertently increasing vulnerabilities.
For the MADIS project [19], this framework can be used to underpin and prompt the
selection of a wide range of indicators to understand system impacts and drought beyond
meteorological factors, for example, to explore the impacts of the introduction of energy
systems for irrigation while appreciating ground water depletion—or power, political
capital, influence, and access to funds—and the connection these indicators have in coping
and adaptation to drought. There is also an intention to explore the use of the framework
in research projects on the introduction of new hydrogen infrastructure technologies and
the impacts on energy security, water use, land use change, and social acceptance in each
context [92]. In doing so, issues of justice, including what is introduced and how, who
benefits, and who is recognised, also come to the fore.

In short, the framework is not the last word in this area but supports ongoing devel-
opments of wider problem framing and context-sensitive and sustainable solutions. By
integrating concepts of justice, it can show just (or unjust) outcomes emerging through the
assessments of risk and the impacts of disruption to services. The framework can therefore
be implemented to provide novel insights into the extent that social and environmentally
just outcomes are considered and achieved around infrastructure change. It can identify
some of the features that need to be considered when making that assessment and provides
the basis for more research in this area.

This study embraces thinking from multiple disciplines and the learning that has been
generated before it. Rather than continue along a single disciplinary track, it is suggested
that the next nudges forward continue in this vein.
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