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Approaches that integrate feedback between climate, land, energy and water (CLEW)
have progressed significantly in scope and complexity. The so-called nexus approaches
have shown their usefulness in assessing strategies to achieve the Sustainable
Development Goals in the contexts of increasing demands, resource scarcity, and
climate change. However, most nexus analyses omit some important inter-linkages
that could actually be addressed. The omissions often stem from technical and
practical considerations, but also from limited dissemination of new open-source
frameworks incorporating recent advances. We review and present a set of models
that can meet the needs of decision makers for analysis tools capable of addressing a
broad range of nexus questions. Particular attention is given to model accessibility,
usability and community support. The other objective of this review is to discuss
research gaps, and critical needs and opportunities for further model development
from a scientific viewpoint. We explore at different scales where and why some nexus
interactions are most relevant. We find that both very small scale and global models tend to
neglect some CLEW interactions, but for different reasons. The former rarely include
climate impacts, which are often marginal at the local level, while the latter mostly lack
some aspects because of the complexity of large full CLEW systems at the global level.

Keywords: climate land energy water nexus, model comparison, multi-sector perspective, sustainable
development, multi-scale models

1 INTRODUCTION

Interconnections between hydrology and water systems, natural and human land use, energy
resources and climate have attracted increasing attention in the last decade. The so called
Climate-Land-Energy-Water (CLEW, often in the literature referred to as Water-Energy-Food
(WEEF), without mentioning the climate component) nexus perspective aims at understanding
complex issues that are intrinsically interconnected in our world and addressing the sustainable
development objectives (see Figure 1 for a simplified diagram) Waughray (2011), IEA (2009),
Liu et al. (2018a). Neglecting some of the nexus interactions has already lead to several policy
choices then proved wrong. One famous example occurred in the early 2000s when a significant
portion of US corn started being used for ethanol production. This lead to immediate
consequences for Mexico, which relied on US corn export. The country suffered from the
sudden increase in corn prices that afflicted the poor and lead to hunger in the country. Wise
(2012). Liu et al. (2018a) also mention the case of the Aral Sea, where water flowing into the sea
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FIGURE 1 | Schematic of the main interconnections between climate land energy and water systems. This cover has been designed using resources from Freepik.
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was diverted to create irrigated desert croplands but also led to
a substantial loss in biodiversity and fishery as the lake shrank
Liu et al. (2018a); Jin et al. (2017). Numerous cases are also
related to water bodies, such as lakes or rivers shared among
countries, which are often cause of disputes and, in some
cases, of international conflicts on resource management (e.g.,
between Tajikistan and Uzbekistan or Pakistan and India in
the Indus basin Nakayama et al. (2015); Keskinen et al. (2016);
Vinca et al. (2020b)).

Advances in analytical modeling and computational
capacity have allowed the development of increasingly
comprehensive tools for quantitative analysis to Dbetter
inform policy makers on the benefits and trade-offs between
sectors Albrecht et al. (2018). A large number of models
focusing on bilateral linkages (e.g., water-energy, water-land)
have been developed and widely reviewed Albrecht et al. (2018);
Endo et al. (2015); Khan et al. (2017). Recent reviews highlight
the issue of having tools that embrace the Water-Energy-Food
Nexus complexity and at the same time are useful for
stakeholders Dai et al. (2018); Kaddoura and El Khatib
(2017). For instance, Dai et al., 2018 state that: “none can or

do provide a singular framework for performing a “exus
study”” Dai et al. (2018). However, as of today some models
have been successfully used in nexus studies where also climate
is considered an important system as much as energy, water
and land Daher and Mohtar (2015). The most recent studies
incorporating all CLEW sectors have shown that restricted
bilateral perspectives (and models) omit important feedback
and should therefore be wupdated with comprehensive
methodologies Graham et al. (2020); Vinca et al. (2020a).
Some of the outcomes of this paper have been to some extent
touched by previous reviews, such as the limitations of model-
linking and spatial resolution Khan et al. (2017); Johnson et al.
(2019). This are expanded with reflections on community effort
oriented at defining new CLEW standards or integrating with
other models to better include socioeconomic aspects. Moreover,
the above-mentioned reviews cover mostly global models (also
included in this article), and no consideration on different scales,
as a determining factor in the development approach Khan et al.
(2017); Johnson et al. (2019). In some cases, mostly at small
spatial and temporal scales, neglecting some interactions does not
particularly affect the outcomes. However, at the country, basin,
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or even larger scales, and when considering long-term
perspectives, responses between CLEW sectors are always
present and should therefore be considered. The major barrier
to using models that include all CLEW linkages are the
complexity of methodology, and the difficulty of gathering
data and expertize from different sectors, which limits
numbers of groups that have the resources to build and
maintain broad cross-sector capacity, both at the academic
and institutional level Kaddoura and El Khatib (2017); Ramos
et al. (2020). This review identifies research gaps and provides a
perspective on some of the required developments for full CLEW
models from a scientific point of view.

Ramos et al. (2020) review stands out by presenting models
that actually focus on equal importance to all the CLEW
interactions across scale sRamos et al. (2020). The paper
however only focuses on the models within the CLEWs
framework Howells et al. (2013), excluding a notable number
of available models that provide a comprehensive coverage of the
CLEW nexus, both as upgrades of pre-existing models and as
totally new developments. This article reviews these models with
the primary aim of guiding decision makers in selecting the
analysis tool best suited to their needs. In addition to previous
reviews, particular attention is given to factors that reinforce
models’” longevity and usefulness, such as community support,
accessibility and availability.

The paper starts with an overview of the CLEW nexus and the
evolution of modeling streams (this is complemented with a basic
introduction to Nexus models in the Supplementary Material).
This is followed by a detailed comparison of a selection of models;
an assessment of pros and cons; and a discussion of research gaps.
This review concludes with a summary of recommendations for
prospective users and modellers.

2 CLIMATE, LAND (AND FOOD), ENERGY
AND WATER NEXUS MODELING
BACKGROUND

It has been recognized for some time that unraveling the synergies
and trade-offs between climate, land (or food), energy and water
is of fundamental importance to understanding the complexity of
our planet, and to formulating effective policies for sustainable
development Liu et al. (2018a); Endo et al. (2015). The United
Nations’ Sustainable Development Goals (SDGs), are intrinsically
linked to CLEW sectors and involve numerous interdependencies
Liu et al. (2015); Nilsson et al. (2016); McCollum et al. (2018);
Fader et al. (2018). The concept of CLEW nexus modeling has
been first published as an overview of concepts in the World
Economic Forum 2011 Waughray (2011) and has been
incorporated into the analysis frameworks conceptualized at
the International Atomic Energy Agency (IAEA), the Food
and Agriculture Organization (FAO) and the Royal Institute
of Technology in Stockholm (KTH) IAE (2009); Howells et al.
(2013). The generic modules in the CLEW framework have been
linked in various combinations and applied to several case studies
for integrated assessment of the SDGs. Ramos et al. (2020)
presents the history of the CLEWs framework and a detailed
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review of various models and application to 2019 Ramos et al.
(2020). Concurrently, more research efforts have been directed at
water-energy, energy-land or water-land bilateral interactions,
and increasingly to linkages among water, energy and land (WEL)
resources Khan et al. (2017); Liu et al. (2018b); Albrecht et al.
(2018). The major focus has remained on balancing WEL
interactions across multiple sectors and a better understanding
of the synergies and trade-offs in future scenarios. However, the
climate dimension has not been considered at the same level of
detail as the sectoral representations Bazilian et al. (2011); Biggs
et al. (2015); Liu et al. (2018a).

Another stream of CLEW nexus analyses is represented by the
development of globally integrated assessment models (IAMs).
These models have also been used in the last decade to inform the
Intergovernmental Panel for Climate Change (IPCC) on the
correlations between human energy use and production with
climate, and their scope has been expanded in recent years to also
incorporate a representation of land and water systems Parkinson
et al. (2019); Bauer et al. (2020); Calvin et al. (2019); Bijl et al.
(2018a); Van Vuuren et al. (2019). Decarbonization analyses have
shown that nexus modeling is needed at multiple scales to better
assess the interaction with policies impacting different sectors
and administrative levels Sattler et al. (2012); Hejazi et al. (2015);
Snyder et al. (2020). Spatial and temporal scales are therefore
important factors that affect no only the structure of nexus
models and the representations of energy, water and food
supply but also the couplings and feedbacks between sectors
Bijl et al. (2018b); Kahil et al. (2018); Koberle et al. (2020).

A number of studies have demonstrated that system
integration can identify strategies that avoid or minimize
trade-offs and achieve synergies Buras (1979); Lall and Mays
(1981); Matsumoto and Mays (1983); Huang et al. (2017); Kernan
etal. (2017); Santhosh et al. (2014); Pereira-Cardenal et al. (2016);
Dodder et al. (2016); Oikonomou and Parvania (2018). Most of
these studies have focused on, or considered interactions between,
two or three of the CLEW systems, for instance, quantifying the
economic benefits brought by joint water-energy system planning
Howells et al. (2013); Dubreuil et al. (2013); Parkinson et al.
(2016); Zhang and Vesselinov (2017); Khan et al. (2018); Bieber
et al. (2018); Wang et al. (2018); Li et al. (2019); Vakilifard et al.
(2019). Other examples of focused nexus interactions are studies
analyzing impacts of energy decisions on land use, including
bioenergy supply chain interactions Mesfun et al. (2018); Akhtari
et al. (2018); de Carvalho Koberle (2018).

More recent studies, using models that attempt to integrate all
salient CLEW nexus interactions, have shown that virtually all
interaction matters, and are often related to the representation
scales. Recent multi-scale studies with country or basin scale
resolution show the importance of considering simultaneous
CLEW interactions for instance in reservoir
management for power generation and storage for agriculture
Vinca et al. (2020a); Payet-Burin et al. (2019); Sridharan et al.
(2020). Conversely, global estimations of future water
requirements for cooling power plants and those on virtual
water related to future food trade both lack the other side of
the medal and would benefit from a full CLEW system
representation that takes into account all synergies to provide

water
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better assessments Parkinson et al. (2019); Dalin et al. (2017);
Graham et al. (2018).

The Integrated Multisector Multiscale Modeling project (IM3)
is a great example of coupling open-source models to cover nexus
interlinkages and study for instance relation of changes in the
water cycle for thermal power plants Zhang et al. (2020). Some
models operate at the urban scale and show that for specific
questions, such as heatwave exposure in an urban environment,
some components of the CLEW nexus are not that relevant
Vahmani et al. (2019). However, when considering only water-
energy nexus when studying climate-change impacts at the
national level, neglecting future changes in water requirements
from other sectors might compromise the reliability of the results
Voisin et al. (2020).

There is clearly a need to develop more competencies and
technical solutions to build and run models that better represent
the complexity of the natural and socioeconomic system we live
in. This manuscript reviews some of the models with this
potential and attempts to unveil the underlying complexity to
different users.

3 METHODS, REVIEW APPROACH

The models compared in this review have been selected by using
some systematic research approach complemented with manual
selection to narrow on the main focus (full CLEW nexus models),
direct interaction with the researchers and developers of the
selected models. A first systemic review on the SCOPUS
database using the CLEW keywords, together with “Nexus
modeling”, “Integrated analysis”, and “Nexus scale” resulted in
a substantial list of models. This list has been drastically cut to
only include models with the representation of all the climate,
land, energy and water sectors. Next, during the information
validation phase, all main authors and developers of the selected
models were engaged to validate the information presented in this
manuscript. During this phase, is was also asked to the developers
suggestion to expand the list with other novel CLEW models that
we had not yet identified. This further expanded the final list with
additional models and subsequent contact with their authors/
developers.

During the validation phase the following questions were
asked:

1. Would you agree on the following classification concerning
your model [Table extract] If no, how would you change it?
2. Could you please suggest the most recent references for: (a)
Documentation, online data/code repository; (b) Published
application studies
3. Which of the following Nexus linkages are included in the
model?
a. Water to Energy: water for power plant cooling; water for
hydropower, storage
b. Water to Land: agriculture water use evapotranspiration
c. Water to climate: any
d. Energy to water: energy (or just electricity use) for water
distribution, pumping, desalination

CLEW Nexus Models Across Scales

e. Energy to Land: energy (or just electricity use) use in land
preparation or food chain production

f. Energy to climate: GHG emissions

g. Land to water: irrigation, canal, water reservoirs

h. Land to Energy: biomass production from crop or crop
residues

i. Land to climate: de- and afforestation impact on GHG

j. Climate impacts on Water: change in ET rates and
evaporation, precipitations, changes in demand

k. Climate impacts on energy: power plant cooling
requirement, energy demand change, energy efficiency

1. Climate impacts on Land: crop yields

4. Could you name any other recently developed model, not from
you or your team, that you think has the most relevance to the
above-mentioned models?

Other models, listed below, were mentioned by developers or
initially considered by the author and in the end not included in
the review for one of the above-mentioned reasons. This however
does not make the models or framework less worth being referred
to, examined or used.

e IM3 framework more references in the Supplementary
Material.

ELENA Bataille et al. (2020).

PRIMA Kraucunas et al. (2015).

AWASH Rising (2020).

TIMES-MARKAL Loulou et al. (2004).

4 CLEW NEXUS MODELS

This Section provides a high-level description and assessment of
the models currently available and maintained (to 2020). In
particular, we examine the scales (spatial and temporal) at
which various sectors are represented and resolved; the level of
detail/complexity with which CLEW sector are represented; the
cross-sector linkages and geophysical biases; the scope of model
uses and levels of integration; and we finally provide an evaluation
of models accessibility and usability.

4.1 Modeling Scale and Resolution

The scale of a model defines the spatial or geographical
delineation of the real system that the model represents.
Examples of different scales are a province/state or a country,
a national or transboundary hydrological basin or agro-ecological
zone, or simply a physical area defined in hectares or in terms of
the elements that characterize it. Similarly, temporal scales range
from seconds to years or decades. The scales determine the spatial
or temporal scope within the modeling work. Up to a certain
extent, temporal and spatial scales are often correlated Li et al.
(2018). For instance, it is unlikely for a model representing CLEW
dynamics in an urban district to have a ten-year time scale
because the uncertainties related to boundary conditions (what
happen at the interface of the modeled system with the outside)
and future projections would become extremely high. On the
other hand, global models are hardly ever resolved at an hourly
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scale, since mapping hourly dynamics for the entire world would
be computationally prohibitive and require too much data.
However, both global and district scale models can have a
yearly time-step.

Scale and resolution are sometimes confused or used
interchangeably, especially regarding the temporal dimension,
where the two often converge into the same concept. In this paper
we use the term scale to refer to the overall delineation of the
system, and with the term resolution we refer to the smallest
spatial or temporal unit of the model at which inputs are defined
and outputs and model variables determined/updated.

Complex models such as CLEW models include different sub-
models or sectors which are often best studied at different
resolutions, while still representing the same scale. For
instance, hydrological models and agricultural and land use
models often require a very fine spatial resolution, defined
with grid maps (e.g., portion of Decimal Degrees (DD))
predicated either by the gradients of underlying physical
processes (e.g., heat transfer) or of the represented physical
environment (e.g., soil humidity). Energy system models often
have a simplified resolution consisting of a few discrete points for
a country. The discrepancy in resolution or in scale is one of the

major challenges when working with interconnected sectors in a
single modeling framework, or with linked models (see
Section 4.5).

This is most commonly addressed using concepts from
global climate models: via up-scaling (aggregating) or
downscaling some of the information Khan et al. (2020);
Li et al. (2018); Chen et al. (2019). Other strategies identify
spatial and temporal definitions that intersect existing ones
(in ECHO, GCAM and other models, river basins are crossed
by political border maps and agro-ecological zones). It
should be noted that trade-offs on resolution are also
adopted in single-discipline models; for example
renewable energy modeling the representation of
intermittent energy production, which presents features
ranging from seconds to seasonal Broeer et al. (2014), is
often simplified IAMs and linked to energy system model
with multi-year temporal resolution Johnson et al. (2017).

Local and regional models, which are generally more
oriented to implementation analyses, present a higher level
of detail (or resolution) than others, but include less
interconnection across sectors. This is noticeable in
Figure 2, where all the local scale models and some country
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TABLE 1 | Comparison of CLEW models.

Model Structure® Nexus Scales
integration
Image Simulation model  Integrated Global, 26 regions and

gridded land and water use
30 x 30 s, 5 years time-steps
up to 2,100

Remind-MAgPIE®  Optimization lterative soft-link ~ REMIND: Global, 12 regions,
general- of integrated 10 years time-steps up to
equilibrium models 2,100; MAgPIE 0.5°x0.5°grid

Message- Optimization, Integrated Global. 11 regions; time

Globiom partial-equilibrium horizon up to 2,100, 5 and

10 time steps

GCAM Market clearance  Integrated Global. 32 regions, time
simulation model horizon up to 2,100, 5 years

time steps

Coffee Optimization Integrated Global, 18 regions; time

horizon up to 2,100, 5 years
time-steps

CLEWs Generic Soft-link Different scales: Urban,

framework framework national, regional and global

Ramos et al. formulation

(2020)

WEAP-nexus Nexus function Integrated River basin. Up to 2,100,

momblanch et al. 10 years time steps, monthly

(2019)° time sub-steps

ECHO Kahil et al.  Hydro-economic Integrated Continental scale with basin

(2018) optimization catchments; long-term
model horizon, monthly dimension

Nexus tool 2.0° Simulation model  Integrated Country or basin, static

simulation given set demands
and fixed technology capacity

BLUES Optimization Integrated Country, 6 sub-regions.
model Long-term time horizon

NEST Vinca et al. ~ Optimization Soft-link of River basin, time horizon up to

(20203a) model integrated 2,100, 10 years time-steps

models and months

WHAT-IF Optimization Integrated River basin; medium-long-

Payet-Burin et al. ~ model term time horizon, 10t time-

(2019) steps and months

NexSym Simulation model  Integrated Local scale, town level. 1 year

time-step for 50 years horizon

Uncertainties/Nexus
limitations

Soft-link between model
components (economy, agriculture
and energy). Not all policy can be
assesses, like R&D cannot

No responses of energy choices on
water. Soft-linking between model
components

Only biomass-land use and water for
cooling nexus

Up-scaling and downscaling water
and land variables

Water-land and crop representation
link

Depends on specific case: soft-
linking, boundary conditions

Boundary conditions. No energy-
land nexus

Simplified energy supply sector

No optimization, no intertemporal
dynamics. No validation of input (like
hydrological model) tested for
simulation

Hydrological linkage under
development

Uncertainty at boundary conditions
for cross country basins

Uncertainty at boundary conditions
for cross country basins,
representation of groundwater
Uncertainty at boundary conditions

CLEW Nexus Models Across Scales

Questions best
answer®

Impacts of human development
(energy, food and water
consumption) on global
environmental change

Energy technology and land use in
climate mitigation policies

Global energy mitigation strategies,
policy costs and impacts on land
sector

Energy and food trade-off in crops
and water management. Water
scarcity issues. SDG assessment.
Link to global climate

Global mitigation strategies, policy
costs and impacts on land sector

Explores questions at different
geographical scales framed with
stakeholders

Detailed spatial assessment of
trade-offs in water use, locally
embeds climate impacts
Water resource assessment
considering other sectors’
transformation

Cross sectoral impacts and
sensitivity of interactions, risk
assessment of nation/basin
resources

Brazilian mitigation strategies,
energy-land-emissions and
economic impacts

Basin nexus trade-offs, policy cross-
sectoral impacts and cost

Tradeoffs in water management for
agriculture and energy production

Techno-ecologic questions for local
CLEW systems

a“Structure”: Market clearance simulation models add a market balance equation for various commodities within the simulation model; general-equilibrium models include a macro
representation of the whole economy, partial-equilibrium models mostly represent one or few economic sectors; Nexus functions assess one indicator on impacts from other sectors.
PWhat the contacted developers indicated as the main model purposes, not excluding additional other applications.
CInformation could not be validated with the authors.

models include weak interlinkages to the climate sector. On the
other hand, global models, which grant a higher level of
aggregation and coarse representations, include all the
CLEW sectors, but with limited interconnections compared
to national models. This is due to the large amount of data that
would need to cover all interlinkages and still poses
computational challenges. The models with the highest
number of interlinkages are those at the country or river
basin scale.

An important limitation at small scales and fine resolutions
is to collect data across multiple sectors with the same level of
detail Engstrom et al. (2019). Local data collection is
particularly critical in areas that lack official surveys or

research from governments or institutions. Local data
scarcity is often overcome with assumption through
extrapolation or downscaling of data at a larger scale or
coarse resolution Khan et al. (2020); Li et al. (2018); Chen
et al. (2019). Another limitation for small-scale models is the
assumptions needed to represent any possible interaction with
outside the model scope Martinez-Hernandez et al. (2017).
Boundary conditions are critical also at larger scales, such as
basin and national and it is particularly relevant when import
and export of resources are involved. To overcome it, price
curves of external resources are often used, which require
additional information on the boundaries Vinca et al.
(2020a); Payet-Burin et al. (2019).
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4.2 Sectoral Coverage: State of the Art and

Compromises

Models are used to represent in a simplified way real systems and
interactions. The level of detail of this representation usually
depends on the research scope and questions, and this is
particularly evident for newly developed CLEW nexus models.
It is however not the case of the global models showed in this
review, as most of them originated from energy-climate IAMs.
Some of these models show a large disparity between the detail of
land and water sectors, compared to the energy sector. Some
models have invested or are currently investing important
resources to fill this gap, for instance integrating linkages to
land use and agriculture models (MESSAGE-GLOBIOM,
REMIND-MAGPIE), or hydrological models (IMAGE,
GCAM). Almost every model, including newly developed
models, show some bias on detail in sectoral representation,
often because of the main research questions and expertize.
Consequently, most models include state-of-the-art features of
the CLEW system, but applying simplifications to deal with nexus
interactions. Below are reported the status of state-of-the-art
modeling and cases of simplification. Table 1 includes a brief
description of sectoral representation.

4.2.1 Energy

Depending on the scale of analysis, energy system models include
detail on primary energy, such as fossil fuel supply, a number of
energy supply and processing technologies, and representation of
demand, often driven by individual choices Bauer et al. (2016);
Grubler et al. (2018). Focus on specific generation technologies
has lead, for instance, to incorporate spatial data of solar and wind
renewable energy, hydropower and seasonal pump storage into
models Pfenninger and Staffell (2016); Vinca et al. (2020a);
Gernaat et al. (2017); Hunt et al. (2020). Most models at local
or national scale deal with the problem of dispatchable electricity
by linking with unit commitment models, which explore the
feasibility of projected energy system in meeting realistic hourly
electricity demand variations Welsch et al. (2014). When
considering the global scale, with a division of the globe in
macro-regions and yearly or multi-year time steps, the
validation of the electricity system is often simplified, using
curves that dispatchability to solar and wind installed capacity
Johnson et al. (2017).

Other important sectors are usually included with more or less
detail in energy-oriented IAMs, but then simplified or neglected
in most of the CLEWs models. For example, transports, industry,
and the residential sectors offer less connection to the land sector
and get often reduced into energy and water demands Hejazi et al.
(2014).

4.2.2 Water

A large portion of the models includes hydrological assessment,
with the possibility to evaluate the impacts of human withdrawals
and climatic changes on the water cycle, water demands and
resources. Highly complex physical dynamics, such as soil water
transfer, evaporation and evapotranspiration (ET) are often
included with nonlinear systems of equations Burek et al

CLEW Nexus Models Across Scales

(2019); Schaphoff et al. (2018). The major aspects often
neglected or simplified, which also represent growing research
areas, are related to groundwater, alternative water sources
(wastewater, desalination) and water quality Gleeson and
Richter (2018); Jones et al. (2020); Strokal et al. (2019). In this
context, water models are used to understand the impact of
human demands on water resources and quality, as well as
possible climate change impacts on human requirements.
Interactions with other models, linking for instance
hydropower and water for power plant cooling and crop
growth models, allow making such assessments more reliable
and robust. Some common simplifications of hydrology in CLEW
models are aggregated annual water availability and constraints
on demand to reflect, for instance, environmental limitations.

4.2.3 Land

Land use, vegetation, modeling of crops and forest growth, are
intrinsically connected to water. Therefore, some models embed
hydrology with nutrients models and plant life-cycle
representation Schaphoff et al. (2018). Other frameworks
include forestry modeling or link to food and wood industry,
relating to socioeconomic factors Dietrich et al. (2019); Havlik
et al. (2018). Such models can inform on how policies targeting
hunger and sustainable food production could be pursued, and
what are climate change implications on crop yields, or possible
advancement that could help guarantee a balance between human
needs and the ecosystem. In CLEW models, these dynamics are
sometimes reduced to simple energy and water requirements per
crop or food type. Or, in particular in global models that have an
important energy component, the main focus has been so far on
biomass availability at given energy prices.

4.2.4 Climate
Climate is a complex system and Atmosphere-Ocean General
Circulation Models (AOGCM) still present a high level of
uncertainty. Most of the CLEW models include climate
dynamics in a simplified way, by linking to reduced-
complexity models within the Coupled Model Intercomparison
Project (CMIP6) IPCC (2014); Eyring et al. (2016). Models such
as MAGICC, Hector and FalR mimic climate response to input
emissions of greenhouse gases to estimate radiative forcing, global
mean atmospheric GHG concentrations and global mean
temperature Eyring et al. (2016); Hartin et al. (2015). These
models are sometimes used iteratively with CLEW integrated
assessment models, or just used as exogenous pathways of GHG
concentration and global temperature. A set of Representative
Concentration Pathways (RCP) describes some possible climate
scenarios that can be closely related to the future level of
anthropocentric emissions, but also to implications on the
water system, such as changes in precipitations, runoff and
evapotranspiration for plants Van Vuuren et al. (2011). All
these aspects are more or less included in the CLEW models
that link land use and vegetation modules to other sectors.
Figure 3 (and Supplementary Table S1) show the balance
between the level of detail for each sector in the considered
models and offer a view on where there is potential for further
development. It appears evident that most of the models adopt
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A CLEW sectoral gap
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consistent simplification or lack of detail particularly in the water
sector, followed by land. Smaller-scale models also reduce the
scope in the energy sector. On the other hand, no models are
lacking water and energy advanced features simultaneously,
indicating that most models have a strong water or energy basis.

4.3 Cross-Sector Interlinkages

As extensively mentioned above and in other literature, the
innovation in CLEW models stands in the cross-sector
interactions that have often been neglected in the past but are
intrinsic in our system. It was also mentioned that there is a
correlation between scales and interlinkages. While small-scale
models tend to focus on specific nexus interactions that are
present in the analyzed system (often neglecting climate

aspects), national and basin models are those that integrate
most interlinkages. Because of a relatively detailed resolution
in hydrology and crop modeling, interlinkages of country and
basin models are also quite detailed (Figure 2 and Supplementary
Table three). Global models need to deal with a much larger scope
and adding a high number of interconnection might increase
significantly the complexity. In addition, soft-linked models
require approximation of flows, costs, or commodity levels
that are exchanged between modules. While integrated models
have often reduced representation thereby making it difficult to
endogenize nexus interactions.

Accounting for energy used in pumping and water
distribution  technologies, water for energy purposes
(hydropower or cooling) and water for agriculture are the
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TABLE 2 | Comparison of CLEW models sectoral implementation.

Energy

Energy supply from primary to final energy;
some efficiency and demand instruments;

Energy supply from primary to final energy;
some efficiency and demand instruments;

Energy supply from primary to final energy;
some efficiency and demand instruments;

Energy supply from primary to final energy;
some efficiency and demand instruments;

Energy supply from primary to final energy;
some efficiency and demand instruments;

Energy supply from primary to final energy;
some efficiency and demand instruments;

Hydropower, water distribution/pumping

Model Water
IMAGE Hydrological model fully included (LPJml), also
linked version of PCRGLOBWB (nutrients)
GHG emissions
REMIND- Water availability for agriculture, no other human
MAgPIE * and energy use. Post-process calculation of
cooling water GHG emissions
MESSAGE- Water demands, cooling technologies, water
GLOBIOM distribution and treatment
GHG emissions
GCAM Hydrological model linking to water demands
from all sectors and supply, groundwater
GHG emissions
COFFEE None
GHG emissions
CLEWs Hydrological model linking to water demands
framework from all sectors and supply, groundwater
GHG emissions
WEAP-nexus *  Hydrology, water supply and demand
technologies, groundwater
ECHO Hydrology at basin level, river routing, water

Nexus tool 2.0 *

supply technologies, groundwater
Water sources and supply technologies

Hydropower, thermal plants, cooling options.
Electricity demands

Energy sources and supply techs, energy
demand

Primary to final energy, localized renewables
and hydropower; CO2 emissions

Secondary to final energy and biomass,
localized renewables and hydropower; CO2

Electric energy production, trade and markets,
capacity expansion model, CO2 emissions

BLUES Hydrological model linked, water for energy and

crops, groundwater
NEST Hydrological model linked, water for energy and

crops, groundwater

emissions

WHAT-IF Hydrology timeseries as exogenous input,

reservoir, groundwater, wetlands
NexSym Aquifer, irrigation, cooling power plant,

wastewater treatment plant

Residential electricity and heat consumption
and production
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Land

Food demand, spatial land allocation, crops,
irrigation efficiencies, livestock

Food demand, spatial land allocation, crops,
irrigation efficiencies, livestock, forest

Land use, biomass availability

Supply, demand, and land use for food, fiber,
forestry, and bioenergy products, land cover for
natural ecosystem types

Crop production, land use change with forestry

Crop production, land use change

Crop water requirement

Crop products demand, irrigation with different
technologies

Crop products demand, irrigation types, water and
energy requirements

Crop production, land use change with forestry,
biomass for energy

Crop production and demand, irrigation
technologies, biomass, residues, pollution

Agriculture production, yield water response
function, crop markets and trade

Vegetation ecosystem, wheat crop, irrigation and
fertilization

Information could not be validated with the authors.

most represented nexus linkages (Figure 4). This is followed by
biomass for energy production and accounting for GHG
emissions from the energy sector. Also climate impacts,
especially on the water cycle, are well embedded in many
models. A slightly less explored aspects are the energy impacts
in agriculture and land use, aside from biomass competition for
food crops, and their consequences on the climate.

What is ignored by all the models is any possible influence of
changes in water management, such as creation of new storage
reservoirs, river diversion, or increased irrigation on local and
global climate.

4.4 Geophysical Bias

In conclusion to the previous paragraphs, it appears evident that
the spatial and temporal scope, the resolution and the detail of
sectoral representation, and the cross-sector interlinkages are all
closely related to the scale of models. This influences the research
questions that can be properly answered. Most of the models
considered have strong geophysical representations, which means
natural systems such as water bodies and vegetation are
represented with high detail. Also human interactions with
such systems are clearly well represented in all of the CLEW
sectors as a force driving change.

Ecosystem services, biodiversity loss are often included in
nexus analysis, but only in a limited number of cases, and
lacking detail, for instance of species loss and aquatic
ecosystem Holland et al. (2018); Hillsmann et al. (2019); Diaz
et al. (2020).

Comprehensively, CLEW models are well suited for dealing
with environmental questions, the relation between our society
and the Earth system, primary markets (e.g., electricity, heat,
food), and, to some extent, ecosystem challenges. This is
confirmed by looking at Table 2 where modellers were asked
to state what is the best use for their models (“Question best
answer” column) and all referred to the relationship between
human development and the geophysical system. Liu et al.
(2018a) also point out that the CLEW approach is centered on
natural systems and it is harder to relate with other social and
economic aspects of our society, such as education, equality or
institutions Liu et al. (2018a).

Nevertheless, several studies have focused on inequality
implications such as hunger, energy access and water access,
also under the perspective of climate change Rosenberg et al.
(2020); Fujimori et al. (2019); Cetrulo et al. (2020). But IAM still
struggle to fully represent inequality aspects, and this challenge
increases when multiple sectors are under scope Rao et al. (2017).
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Similarly, other social aspects, that often dominate the daily
political discussion, and therefore are strong drivers of policy
and change, are also poorly embedded in CLEW models. Aspects
such as public acceptance or environmental policies and
investments, or climate-induced migration are widely explored
in the literature, also with quantitative methods, but indirectly
considered in most CLEW studies Davis et al. (2018); Stigka et al.
(2014). The major input for social aspects in CLEW models
comes from stakeholders that are often engaged to shape
appropriate scenarios.

Economic aspects, such as decisions or behavior of
individuals and companies, governments and finance, are
not at all represented in the models here considered. In
particular, while assessing a large range of environmental
and development policies, CLEW models do not focus on
how such policies could be financed. This is an enormous
implementation barrier that is explored in the literature,
contemplating  microfinancing, and  financing  for
international agreements. For example, the IAM community
often represents climate mitigation policies as perfectly
implemented through global carbon prices, which in reality
is far from being achievable. Li et al. (2017) developed an Agent
Based Model (ABM) that mimics the interactions between
governments, individuals and companies with regards to
water, energy and food consumption Li et al. (2017). Hyun
et al. (2019) developed the ABM-RiverWare that connects a
hydrological model to an ABM to study the change of farmers’
water withdrawals under different climate-change related risk
and socioeconomic scenarios Hyun et al. (2019); Yang et al.
(2020).

Figure 3B shows this asymmetry in terms of inclusion of
societal and economic problems. Most of the models here
considered link to macro-economic indicators of country or
global GDP under the scenario framework of the Shared
Socioeconomic Pathways Riahi et al. (2017) to assess
investments, cost of resources or commodities (i.e., water,
equivalent carbon). Clearly, additional approaches, such as
linking with ABM could complement the CLEW analysis,
improving feasibility, acceptability and implementation aspects
of policy results.

4.5 Model Structure and Nexus Integration
The models considered in this article present mostly two types of
solution methods, simulation and optimization. Simulation
models are used to predict possible effects and implications
across different variables and sectors, based on input
assumptions that could simulate policies. For instance, given
exogenous input demands, costs and share of technology use,
the models can simulate the functioning of the system and
calculate outputs, in terms of resource consumption, cross-
sectoral demands, and so on.

Optimization models normally perform  dynamic
optimization that minimizes or maximizes a specific utility
function and find the optimal solution of the system under
exogenous inputs and constraints, which could mimic specific
policies. Such models tend to find the “optimal” system
configuration as a unique solution and are often used to assess
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possible capacity expansion portfolios, investment costs, and also
assess resource used across sectors.

Several solution methods and algorithms exist, are used and
changed by the developers’ teams. However, it does not seem to
be a major issue of discussion among the modeling limitation of
CLEWs models. Various approaches are therefore
interchangeable and often compared in literature (see column
Structure in Table 2 Hanssen et al. (2020). One limitation for
large optimization models that process a large amount of data,
might be to find free advanced solvers that also guarantee reduced
solution time.

A different aspect that can be related to uncertainty and
limitations, especially in the CLEW system, is the way
different sectors are connected. Here, the majority of cases
differ between soft-linked separate models, fully integrated
models, or a hybrid of the two (see column Nexus integration
in Table 2).

Having soft-linked models allows the use of pre-existing
models, likely one-sector models, that might also have a high
level of sectoral detail. However, to make different models work
together, an exchange of information is required through an
iterative process to convergence. For instance, a hydrological
model would pass information, probably in aggregated form, to a
crop-growth model, which would take water availability and
evapotranspiration as input, and would determine crop
production. These results would then need to iterate back to
the water model to update the previous runs with the new water
demand assumptions, which would then give new hydrological
output. This iterative process can become particularly
complicated when more than two models are linked, such as
energy system or climate models, and requires substantial work in
setting up the input-output exchange and the iterative procedure.

Integrated models, on the other hand, incorporate all the
possible representations in one unique large system, with the
advantage of reducing effort and simplifications related to
transferring information across modules and avoiding
iterations. This also reduces particularly the uncertainty
around the connection between different modules, which is in
this case endogenized. However, integrated models might become
very large models, heavy to work with and requiring high multi-
disciplinary competencies. This limitation might result in a more
simplified or unbalanced representation of each module. This is
for instance noticeable in some of the global IAM models,
historically energy-climate models, which have later added
water and land features, initially simplified, and then further
improved. This trade-off of integrated models is less of an issue in
CLEW models where the focus is more on the cross-sectoral
dynamics than on the detailed processes within each sector.

4.6 Availability, Accessibility and Usability

In recent years the scientific community and modeling teams
have pushed significantly toward open-access information, both
in terms of publications and making the tools available for free to
external users. This has allowed spreading the use of models to
different teams without the need to dedicate new funds and time
to re-develop complex models. These spillovers sometimes
resulted in new versions of the models (e.g, COFFE and
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Model Model model code  Free Software Public User Nexus Nexus
description/  (and doc) data interface publications different
doc scopes
N/Y N/Y/Y+D N/Y N/Some/Y Graphic/API <2/3-5/>5 1/2-5/>5

CLEWs VY Vi ¥ Some APl+result  >5 >5

exporers

GCAM Y Y+D Q Y Some Graphic >5 2-5

interface

MESSAGE- Y Y+D O N N APl+result  >5 2-5

GLOBIOM explorer

COFFEE i N N N AP| >5 2-5

Nexus N/ y" N API" 3-5 2-5

Tool 2.0

IMAGE i N N Some Graphic >5 al

interface

REMIND- Y Y+D O i\ Some API >5 i

MAgPIE

ECHO Y N N AP| 3-5 1

NEST V7 \é oOnN Some APl 35 il

WHAT-IF Y Y+D O i\ N API =24 al

NexSym Y NA NA Graphic <2 i

interface "

WEAP- Y N N N Graphic <2 1

nexus interface "

BLUES Y N N N AP| <2 il

* framework of different models, re ferred to 0SeMOSYS O available room for improvement

" information could not be validated on GitHub accessible for scientists

A available upon author request user friendly for the most
FIGURE 5 | Summary of aspects that define accessibility of the model, data and software, as well as proxies of previous applications. The colors highlight features
that are user-friendly for a generic audience to those requiring more scientific and technical skills.

BLUES are modified version of the MESSAGE-GLOBIOM
model, and from those, the model ELENA was developed
Bataille et al. (2020)) or the creation of proper international
communities that also contribute to the development of the tools
(an example of the OSeMOSYS energy system model, part of the
CLEWS framework that has been adopted and developed in
numerous country studies Howells et al. (2011)).

Previous nexus model intercomparison studies assessed the
complexity of models by looking at both methodological aspects
(data, sector coverage) and accessibility, aspects Dargin et al.
(2019). For this article, we disentangle those aspects thinking that
also very complex models can be made easily available and usable
for different audiences. Here, we consider only models that are
currently available, maintained, or still actively used, so to better
focus on the factors that could contribute to further development.

The rationale for more open-access research and tools is to
make them available, accessible, understandable and reusable. In
the modeling world, this means having an easy-to-find online
repository where the model is downloadable and having clear
documentation that explains the model in detail and how to use it.
Additional tutorials, testing infrastructure and community
forums to engage with developers are also assets that make a
significant difference. In fact, the open-access trend has often lead
to simple online repositories where code and data are stored
without thorough documentation and therefore not particularly
useful for external users. This is an issue in particular in small
projects or early research, where time and resources are scarce
Allen and Mehler (2019).

Scanning through the models considered in the review, it is
noticeable that several models completely lack online repository
and documentation (Figure 5). Only a few are fully accessible,
documented and usable for free. One of the main limitations,
especially for large global models, is the lack of public model data,
which shareability is often constraint by third parties. Modeling
teams that can afford it (mostly teams maintaining global
models), find solutions like graphic interfaces (IMAGE,
GCAM) or data and results explorers (MESSAGE, CLEWs) to
enable the users to run the models or access data stored on the
developers’ servers.

Considering the number of publications and the number of
applications of those nexus models to different scopes, we notice
that actually open-access is not the primary factor for widespread
utilization. Although Figure 5 shows that open-access models
(mostly global models, with the exception of CLEWs) are also
quite well known and utilized (last two columns on the right). It
must be noted that in most of the case the modeling teams have
moved to open-access only in the last couple of years. Or, in the
case of the CLEWs framework, not all model configurations
associated with individual studies are openly shared, and a
large amount of the resulting research is not peer-reviewed
but is rather gray literature Ramos et al. (2020). For these
reasons, the correlation between model scale and accessibility
might change in the future as small-scale models spread more
widely. Nonetheless, those models that grant high visibility, and
that have been utilized widely around the world can be probably
associated with the large community support that has been

Frontiers in Environmental Science | www.frontiersin.org

July 2021 | Volume 9 | Article 691523


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Vinca et al.

TABLE 3 | Summary of methodological limitations.

Limitation Local scale
Method
Linkage of modules
-Soft-linked Adapting multiple tools to small areas
-Integrated Focus only on few interactions
interconnections
Boundary Major limitation to be considered along all
condition sectors

Sector representation

Level of detail  Climate component to be downscaled and
included
Understanding when cross-sector linkages
are negligible (e.g. climate often not
considered)

CLEW
interactions
interlinkages

promoted over years, together with capacity building activities, and
engagement with stakeholders. In conclusion, while open-access is
important and need to be promoted with adequate time and
resources, other factors like stakeholder engagement and capacity
building are driving forces in connecting modellers groups, and
shaping existing model into new prototypes, or case studies.

5 DISCUSSION: EMERGING GAPS AND
WAY FORWARD

The comparison of the thirteen CLEW models (or family of
models) presented above allows identification of areas that would
most benefit from new developments, while providing a
transparent assessment of usability and availability for
scientists and non-scientist users.

The survey of CLEW models at different scales also
highlighted some of the main limitations regarding
methodology, sectoral coverage and nexus interlinkages
(summarized in Table 3), and socioeconomic components.

5.1 Methodological Limitations
The major methodological limitation among CLEW models are
the following.

e Soft-linked modules suffer mostly from the simplification of
the data and scope of information exchanged between
models, often reduced to one or two variables (e.g., price)
and from long iteration time.

e Integrated models, particularly at the global scale, tend to
simplify some nexus interlinkages and/or the sectoral

representation;  although  continuous progress in
computing power has allowed increasingly higher model
complexity.

¢ Boundary conditions are a critical source of uncertainty for
country, basin and local-scale models.

The trend for integrated models is to increase detail in each
sector with more detailed spatial data and increased resolution.

Basin/country scale

Closing iteration cycles across all modules
Simplification in spatial-temporal resolution and/or

Energy and food trade, emission externalities
(basin models); water flows (country models)

Challenges in integrating high-resolution
representation for different sectors
Representation of climate impacts across all
sectors is less common compared to other

CLEW Nexus Models Across Scales

Continental/global scale

Mainly resulting in only few variables exchanged
across modules

Simplified sector representation (e.g. not including
a water balance) and/or interconnections

Issue when the models present coarse spatial
delineation different from political or hydrological
borders

Linkage to hydrological models and muiltiple
feedback to energy and land

Cross-sector feedback often neglected because of
the overall system high complexity

5.2 Sectoral Representation and Nexus

Interlinkages

Depending on the scale of representation we noticed that the
details of the sectoral representation or nexus interlinkages vary,
sometimes rationally with the model scope and questions that can
be addressed, but in other cases in a relatively ad-hoc approach to
address complexity issues. Below follows a list of the major
simplifications in sectoral representation.

e Local models tend to neglect or simplify interactions with
climate and focus only on the main nexus feedbacks relevant
to the system.

e At the basin and national scale all CLEW interactions
become relevant. In fact models at these scales include
the largest number of interconnections and allow for
detailed spatial representation of water and land systems.

e Full CLEW representation is also highly relevant for global
models, but to make the models tractable complexity trade-
offs that complicate the modeling are necessary. Only a few
teams can have the necessary coverage of expertize, data and
computing power to build and run such large integrated
models.

e Major gaps in sectoral implementation are in hydrology
assessment (particularly groundwater), and in primary
energy linkage to natural resources. The water-energy
nexus is represented quite adequately in most of the models.

5.3 CLEW Linkage to Sustainable

Development Goals and Challenges

Several studies in the literature show how models on climate,
land, energy and water nexus can inform planning, policy
exploration and risk assessment in regards to the water, food,
energy and climate SDGs Liu et al. (2018a); Ramos et al.
(2020). Depending on the specific model, some have a
stronger focus on water or food scarcity, environmental
protection, or soil and air pollution. Therefore, linkages to
other SDGs such as industry and infrastructure, poverty,
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economic growth and life on land can also be explored with
existing tools.

Social aspects such as equity, health and human rights, as well
as economic aspects, e.g., governments and finance, are not
included in any of the existing CLEW models, although there
is some evidence these are also related to the CLEW sectors. Other
types of models already explore some of these dimensions, but
they are not yet linked to proper geophysical assessment tools like
the CLEW models discussed here.

In terms of heterogeneity of CLEW model applications, most
of the recently developed models focus on an area where climate
change impacts are projected to be high and CLEW interlinkages
are highly relevant. Several models explore case studies in Africa
(ECHO, CLEWS, WHAT-IF), south Asia (NEST) and South
America (BLUES, ELENA Bataille et al. (2020)). Moreover,
current global models do now provide tools to zoom in the
analysis to single countries or basins (IMAGE, GCAM).

5.4 The Lack of Common Assumptions

To better address socioeconomic and climate uncertainty, the
IAM community has agreed on common scenarios called Shared
socioeconomic Pathways (SSP) Riahi et al. (2017). Originally the
SSPs defined five storylines with different trends of population
and GDP growth, and assumptions concerning technologies in
the energy sector. The SSPs represent different challenges for
mitigation and adaptation to climate change. Almost all the
studies mentioned in this article refer to SSPs, providing a
multi basis for result comparisons.

The same community has subsequently introduced
assumptions on global land use Popp et al. (2017) with the
intention of homogenizing assumptions on other sectors
besides energy. Similarly, some teams have proposed SSP
assumptions for water technologies Graham et al. (2018). But
a holistic CLEW shared nexus perspective remains to be
formulated within the SSPs. For example Momblanch et al,
2019 make assumptions for cropland and environmental flows
that are not agreed upon within a community (as is for example
the case for GDP and other indicators); this complicates the
comparison of results with other models Momblanch et al.
(2019). In addition, the SSPs provide publicly available
databases with population and GDP trends that were
originated at the macro-regional level. When focusing on
national or regional scales, downscaling and further
assumptions are required. Some recent work addresses this
issue and proposes approaches in this direction Frame et al.
(2018). Nonetheless, there is a need for high-resolution database
for all SSP assumptions that cover all water, energy and land
sectors that can be formally approved/agreed upon and
referenced by all researchers working in this area.

5.5 Way Forward for Scientists and
Modellers

Both global models and those focusing at smaller scales are
increasingly reaching higher levels of detail in representing
CLEW systems and cross-sector interlinkages. Parallel efforts
should be directed to the reduction of existing uncertainties
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related to geographical boundary conditions, interactions
between sub-modules and downscaling.

Socioeconomic aspects need to be better incorporated or
connected to CLEW models to improve assessment of the
feasibility and impact of policies and understanding of the social
implications of future investments. Stakeholder engagement during
scenario development and results analysis is currently used for
validating scenarios analyzed with CLEW models. Further
linkings with  social-science  experts, ABM representing
household-companies-governments interactions, or finance risk
models would be avenues to be explored in the future and
provide further assets to the relevance of CLEW models.

5.6 The Right Model for the Right User

There is not a better or worse model but, based on the research
questions, the users, the scale, accessibility and data some models are
more suitable to be used Daher et al. (2017). In this review we discussed
models at different scales, highlighting the scope applications they can
be used for. We also surveyed public availability in terms of source
code, data, open-access software and appropriate documentation, as
well as the strength of the online community supporting maintenance
and new developments (Figure 5). It is clear that open access and
transparency are important factors for model dissemination and use.
However, other factors, such as a strong community and stakeholder
engagement network can help spread the use of models and
frameworks. Since CLEW models are new and in undergoing
continuous development, it might be hasty to draw conclusions
largely on accessibility visibility.

These are important considerations for scientists looking for
state-of-the-art models to use or compare. These considerations
could also help decision makers, governments institution, and other
research and development institutions identify useful opportunities
to pursue new climate land energy and water analyses to face
regional, national, or global challenges and possibilities.
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