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Abstract: The food, energy, and water (FEW) nexus has gained increased attention, resulting in
numerous studies on management approaches. Themes of resource use, and their subsequent scarcity
and economic rents, which are within the application domain of the World Trade Model, are ripe for
study, with the continuing development of forward- and backward-facing economic data. Scenarios
of future food and energy demand, relating to supply chains, as well as direct and indirect resource
uses, are modelled in this paper. While it is possible to generate a substantial number of economic
and environmental scenarios, our focus is on the development of an overarching approach involving
a range of scenarios. We intend to establish a benchmark of possibilities in the context of the debates
surrounding the Paris Climate Agreement (COP21) and the Green New Deal. Our approach draws
heavily from the existing literature on international agreements and targets, notably that of COP21,
whose application we associate with the Shared Socioeconomic Pathway (SSP). Relevant factor uses
and scarcity rent increases are found and localized, e.g., on the optimal qualities of water, minerals,
and land. A clear policy implication is that, in all scenarios, processes of energy transition, raw
material use reduction, and recycling must be strengthened.

Keywords: food; energy; water nexus; virtual water trade; energy transition; World Trade Model;
factor uses; factor scarcity

1. Introduction

The food, energy, and water (FEW) nexus has gained increased attention, resulting in
numerous studies on management approaches [1,2]. According to the United Nations’ (UN)
estimates, the population of the Earth will approach 10 billion by 2050 (World Population
Prospects 2019) [3]. In this context, it is crucial to emphasise the increasing demand for food,
energy, and water (FEW) and the variety of severe challenges expected to arise to satisfy
those fundamental demands. The World Economic Forum notes that a major source of
uncertainty for the global economy is clearly aligned with other developments and claims,
such as that of [4]: “The Implementation of the 2030 Agenda requires a more holistic,
coherent and integrated approach at the national, regional and global levels”. Many
studies have discussed the concepts of the FEW nexus and modelled certain relationships,
although not many have studied the additional implications holistically. Progress has
been made in recognizing and quantifying those demands, developing new approaches to
the management of scarcity, and projecting them into the future [1,2,5]. Surmounting the
challenges is possible only if a transdisciplinary approach is used, establishing sustainable
supply chains that are managed from the FEW nexus [6] and developing a multidisciplinary
approach in the form of a “web”, rather than a “linear tree” [7].

Within the vast FEW related body of work including social science methods, we
highlight those addressing the relation with the economy and global trade, in particular
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with input–output methods and exploring scenarios. We utilize the literature review in [8]
as a starting point to comprehend FEW related works. Accordingly, from the tabulation
and categorization of FEW nexus tools and methods from all 73 ‘methodological’ papers, 25
(34%) were classified as scenario analysis, and 33 (45%) as economic studies. Of those the
closer to ours in methods were the two of value chain analysis, the three of Supply chain
analysis, the 10 of Tradeoff analysis and especially some of the 15 (20%) of the classified
“input–output analysis” or social accounting matrix, which are also often paired with
scenario assessment. Three articles that were classified as IO were [9–11] because they
work with input and outputs of the models. However, we note that we would not classify
them as input–output analyses since they do not use actual IO tables or/and models. There
were eight studies that indeed worked with input–output models, and actually dealt with
FEW nexus challenges (even if not making them explicit) [12–20].

Our model extends from this literature on the FEW with IO, and links the energy and
food with the water system, which has been a central piece in most of the FEW related work.
One of the most important reasons is probably that although the interactions go in many
directions, water is, for example, key for food production (while the opposite link is not
relevant). In the interaction with energy the link is more balanced (e.g., energy is needed for
water processing, treatment, pumping, desalination . . . ), but water scarcity is very often
highlighted as a major constraint to socio-economic development and a threat to livelihood
in increasing parts of the world [21], also due to energy needs such as the growing attention
to China’s water security concerns due to the combustion industry [22–24]. We make
a strong emphasis in the modelling of water by: (a) highlighting and modelling the
importance of the water input to the other dimensions of the nexus and other sectors, with
different water quality types; (b) representing and modelling different water qualities,
which can or cannot be used depending on the sector (e.g., some can use only high
quality forms); (c) incorporating knowledge on the actual available endowments, which
in the case of water need to take into account environmental requirements; (d) being
these endowments endogenously modified based on the capacity of performing water
treatment by each region (based on their technological status); (e) this is the result of the
modelling of water treatment sectors, and a water distribution sector (which distributes to
the sectors in the economy both taking the water input from and nature and from those
treatment sectors).

As highlighted in [2,25], an array of challenges exists in relation to the data—and
knowledge gaps—of the FEW interlinkages, as well as to the shortage of systematic tools to
address the synergies and trade-offs in the nexus domain. Water, food, and energy are all
managed in various, and often very different, spatial and temporal scales, which often make
comparisons difficult. In this case we tried to focus all of them together in the most common
types of scenarios, and projections (for 2050). The cited articles underlie the importance that
assumptions and system boundaries of the various nexus dimensions are made very clear.
With our unified IO framework, the whole consistency of accounting equally for inputs and
outputs across them, avoiding double counting and with full world supply-chain system
boundaries, is clear. They also note that the challenge of including water quality has been
identified as one of the key weaknesses of global water assessments [21] and so we provide
the assessment of different water qualities, which can or cannot be used depending on
the sector, and furthermore whose endowment is endogenously modified based on the
capacity of performing water treatment by each region (based on their technological status).
Similarly, it is highlighted [2] that nexus studies are prone to include only some components
in electricity generation, e.g., through hydropower dams often the most relevant (and even
only) form of energy. Here we incorporate this, but also the water needs of energy (coal,
gas, nuclear . . . and energy needs of the water sectors), as their interrelation with other
sectors. The gap of attention being given to the inclusion of emissions of the energy sector
in the FEW studies is also solved here, by explicitly including and accounting for the GHG
emissions and imposing modelling constraints according to climate policy.
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Reference [25] also notes the FEW nexus touches on a broad range of stakeholder
interests, visible in the Sustainable Development Goals (SDGs) of the United Nations.
Water, energy, and food are present individually and in combination in most, if not all,
of the SDGs, although nexus-based approaches are not explicitly included in those goals
per se—for example, food (SDG 2), water (SDG 6), energy (SDG 7), climate (SDG 13),
resource efficiency (SDGs 8 and 12), and life on land (SDG 15). Quantifying the complicated
interdependencies among these factors is critical to achieving these goals [26].

In the context of SDGs and resource use, a wide range of scenarios have been designed
and tested to evaluate different futures using numerous models across many disciplines.
Global climate change activists have developed a scenario framework to analyse future
impacts and policies [27,28], and various analyses have been proposed [29–32]. Shared
Socio-economic Pathways (SSPs) provide a flexible framework for local scenario devel-
opment, that can be used in adaptation and vulnerability studies. Specifically, a global
narrative storyline has been developed for SSPs that incorporates aspects of demography,
economics, land use, human development, technology, and environment [33–36], all of
which are of relevance to this study.

We generate an input–output (IO) model to address the FEW-based implementation
of scenarios with the SSP narratives. Multidisciplinary and multisectoral work on IO and
hybrid LCA (Life cycle assessment)-IO analyses address many of the challenges cited above,
broadening the system boundaries by incorporating the socioeconomic and environmental
aspects of FEW dimensions, and by extending their scope and functionality [12–14]. In [37]
a transnational inter-regional input–output approach was applied to analyze the FEW
nexus in East Asia. The authors showed a mismatch between regional food-energy-water
availability and final resource consumption, with significant requirements in the People’s
Republic of China (from now on, China) in terms of pollution and resource use to satisfy
the demands of Japan and South Korea [37].

Specifically, we find that a linear programming IO, and the World Trade Model
(WTM) [38] with the Rectangular Choice of Technology (RCOT) is ideally suited to accom-
modate socioeconomic and environmental information and results related to FEW, in terms
of global and regional production, demand, trade, resources, and their scarcity, along with
other relevant variables. The WTM has proven to be a useful model, not only to study
trade flows, but also to explore population needs and pressures on FEW under different
scenarios, both for the present and the future [15,17,39]. For example, the evaluation
of future changes in population, income, food demand, agricultural yields, and energy
transitions have been successfully studied by the WTM. The model enables endogenous
choices of geographical regions and technologies to produce commodities and services, and
simultaneously calculates resource uses and rents (from scarcity) not only for the classical
factors of production (labor and capital), but also natural resources such as water [17,40,41].

The primary objective of this article is to shed light on the implications of the different
narratives described in the literature, with a special focus on food and energy projections,
to generate insights into production according to comparative advantage, trade, factor uses,
notably water, and scarcity rents. To accomplish this, we use cross-sector data to identify
and model feedbacks, not only between the sectors in the center of the hydrological, energy
and food systems, but also in the rest of the economy. This allows us to capture macro
level information that would not be available using a model targeting a FEW-only domain.
Our secondary objective is to put these results into context by juxtaposing them with key
studies of resource and material uses and scarcity projections (e.g., [42–47]). Third, we
extend the discussion of the utility of these results to complement insights into virtual
water and water footprints [48,49] and show modelling that overcomes some of the usual
critiques and related discussions [50–57], by implementing a comprehensive framework
from a multiregional, multisectoral, and multifactorial perspective.

The remainder of the article is organized as follows: Section 2 presents the WTM, the
data, the properties, and extensions of this work. Section 3 presents the scenarios to be
analyzed, mainly consisting of using different coherent narratives projecting key variables.
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Section 4 presents our main results, combining those on the different paths effects on
production, trade, factor uses, and scarcity rents. Section 5 extends the discussion, and
summarizes the main conclusions, implications, and possible future work. The Supplemen-
tary Material contains extensions on the methods, scenario assumptions, and additional
results. On the methods, we provide Tables with details of variables, sectors, and regions,
as well as equations of the dual model. Scenario descriptions provide additional details,
especially on the FEW, demographics, and income projections.

2. Methods: The WTM

This section is in four parts.
Section 2.1 reviews the WTM/RCOT literature
Section 2.2 presents our WTM/RCOT model.
Section 2.3 describes the Database used, detailing data sources.
Section 2.4 illustrates with a diagram how each component works together.

2.1. The WTM/RCOT Literature

The WTM has been instrumental in developing and analyzing scenarios of global
production, trade, consumption, technologies, environmental threats, use and endow-
ment of resources, and constraints. WTM-based studies have shed light on the economic
and environmental implications stemming from challenges of food, energy, and water se-
curity. These studies may comprise what-if scenarios [20,39–41,58,59], but also cover
projections for the future given increasing demands [15,18], and for strictly regional
analyses [39,40,58,60] or global scale analyses [18,20,41]. The present work aims to combine
the relevant drivers and features of existing studies, by considering the food, energy, and
water (FEW) nexus in a context in which these needs can be satisfied.

2.2. The WTM/RCOT Model

We present the WTM/RCOT as a simple model with high explanatory power. Making
use of the parameter and variables (see Table S1 in the Supplementary Material), the primal
model takes the following form:

Minimize Z = ∑i π′i Fi xi (1)

subject to
∑i (I−Ai)xi ≥∑i yi, ∀i (2)

Fi xi ≤ fi, ∀i (3)

xi ≥ 0, ∀i (4)

(I−Ai)
′xi ≥ yi. (5)

The primal model in Equation (1), minimizes the total factor use cost in monetary
terms, using linear programming. In particular, the use of factors of production per unit of
output in region I Fi , times their factor prices in the region πi , times the sectoral output in
region i xi . Equation (2) ensures that production is sufficient to meet the final demand yi,
making use of the inter-industry inputs per unit of output in region i Ai (this is obtained
by dividing the multiregional IO table by the sectoral output). Equation (3) ensures that
factor use does not exceed the available factor endowments fi. Equation (4) ensures that
production is non-negative in each region. Equation (5) is the benefit-of-trade constraint to
ensure trade is preferable, by requiring that the value of exports be less than the value of
imports at no trade prices that are calculated in a separate solution, where each region has
to meet its own final demand without factor constraints.

The dual model and the extension of the WTM with Bilateral Trade (WTMBT) are
presented in the Supplementary Material (first section) in more detail. This last feature
provides more realism to the present solutions, which is emphasized by introducing additional
constraints on the security needs (e.g., a certain share of production of a region needs to be
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produced domestically, constraining the equation with (I−Ai)xi ∗ Φ ≥ ∑i yi), where Φ is a
value between 0 and 1 for the sector in question (e.g., for barely traded services).

We incorporate the feature of the Bilateral Trade in our modelling, which transforms
Equation (2) into Equation (6):

∑i (I−Ai)xi −∑i 6=j eij + ∑i 6=j

(
I− Tji

)
eji ≥∑i yi, ∀i (6)

Tji matrix specifies the requirements of transporting a good from region j to i. The
output is the sum of intermediate production requirements Aixi , exports net of imports,
eij− eji, transport demand required for carrying imports Tjieji and regional final demand yi.
The WTMBT, with Tji, captures costs of transport, and allows the introduction of additional
import tariffs. I. Although we want to keep working with a “purer” representation of
comparative advantage among regions (i.e., no constraining factors more than realistically
to obtain a more accurate/matched baseline solution), the feature of Bilateral trade reduces
the cases of very skewed solutions (e.g., only one country producing all of a product). Tji
is a composite of the W matrix, which represents the weights of goods for each transport
mode, the interregional distances dji and the θji on the “easiness of trade”, with values
around 1 depending on the extra barriers or facilitation of trade for regional clusters and
trade associations (e.g., USMCA for US, Mexico and Canada, Mercosur for Latin American
countries, etc.):

Tji·W·θji·dji (7)

Scenarios may differ, but we retain for the future the structure of θji, and the scale
is only increased when there is a more-rivalry scenario, in which it is envisaged that
international relations have deteriorated.

2.3. The Database

One novelty here is to identify and model the feedback web between food, energy, and
hydrological systems. Input–output and factor matrices try to specifically represent key
accounts for food, energy and water, which requires additional data that are not ordinarily
available in IO databases. Technological changes are allowed by having multiple technolo-
gies “competing” as simultaneous options. This is the case of agricultural, electricity, and
water treatment and distribution sectors, but also in some others, such as motor vehicles,
for which an alternative technology of electric vehicles is introduced (using [61–63]).

Within the present WTM-RCOT database, (as shown in Table S2), we work with 16
technologies of crop production (eight crops, with two irrigated/dryland production for
each); eight electricity technology options, and three water technologies (one for water dis-
tribution and two for water treatment technologies), building further on the developments
in [18,20,41] with a database developed from GTAP9. The disaggregation of the original
energy and water sectors in GTAP is based on the EXIOBASE database [64,65], implying
a disaggregation in the A matrices, but also factor uses, which had not been considered
earlier, such as, for example, the land requirements of technologies such as solar [66] (apart
from those of biomass or hydro).

A more accurate representation of water use from electricity technologies is another
novelty. Efficiency changes are introduced in key sectors, such as agriculture, electricity
(e.g., the impact of ‘smart grids’ on electrical efficiency is expected to be large) and water
treatment and distribution. Several studies have recently provided further information
on this, such as on the consumptive WF per unit of electricity output for different energy
sources per stage of production (see [67], which also contains a literature summary on the
impact of electricity from different energy sources, [40,68]).

Since the model is quite capable of capturing differences in technologies, factor use,
and endowments among countries, there are now 19 regions (Table S3), based on a compro-
mise of accounting for different socioeconomics, physical conditions, and endowments.

Regarding the discussion of [69] on the different implications of how factors are dealt
with in the model, here they are defined mostly as being shared across technologies. There
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are few cases of an association of a single technology and factor (a technology-specific
factor): the technology of fishing, the technology of forestry, and those of extraction of
minerals, coal, oil, and gas.

Finally, while previous WTM/RCOT (except for [15]) scenarios had a narrower focus,
here we adopt a more holistic and comprehensive approach to capture possible feedback
mechanisms and non-linear relationships that would not be possible in a focused study.
Our scenarios incorporate a wider range of possible paths, using projections and data
from disparate sources on changes in population, wealth, diet, energy and water demands,
resource use and availability, and technological change.

2.4. Modelling, Scenarios, and Results Framework

The diagram below (Figure 1) illustrates how each of the components of the article
work together. As a starting point, the SDGs developed by the UN provide a motivation
for this FEW article, which develops its own version of these scenarios based on the data
that can be processed by the World Trade Model. This scenario development requires data
from a number of disparate sources, their processing, standardization, and harmonization
via statistical and geographic aggregation and disaggregation methods. After the economic
database is complete, the economic model subject to its properties is run to obtain the
necessary endogenous variables, which are the results of this paper.
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3. Future Scenarios

Studies have shown that the extent of climate change impacts largely depend on
assumptions made about socio-economic conditions [35,70,71]. Others have argued that
applying different socio-economic scenarios is more effective than applying different
climate change scenarios [72–74]. In this context, the global research community has
developed Shared Socio-economic Pathways (SSPs), which provide a flexible framework
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for local scenario development, with quantitative and qualitative descriptions, that can be
used in adaptation and vulnerability studies. Additionally, a global narrative storyline has
developed for SSPs in demography, economics, land use, human development, technology,
and environment [33–36].

We follow this approach (scaled for different geographical and sectoral applica-
tions [75], and regularly revised given the challenges it faces [76]), although we recognize
that there are other possible approaches, e.g., those more focused on specific aspects of
green growth, degrowth, equity, more radical social policies, certain technological visions,
better reflection of the role of competition, relative scarcity of resources, climate change
dynamics, and so on (see e.g., [77–80]).

Accordingly, our study consists of five general scenarios based on the SSPs

(1) SSP1 “Sustainability”, taking the green road, the only one which, in principle, does
not pose challenges for mitigation and adaptation;

(2) SSP2 is the “middle of the road” scenario;
(3) SSP3, which assumes an aging society, increased income “inequality” between classes

and regions, the resource-intensive industrial structure, and slow economic develop-
ment resulting in environmental degradation;

(4) SSP4, “Regional rivalry”, with large socio-economic challenges for adaptation;
(5) SSP5, “Fossil-fuel development”, which assumes very high GDP and urbanization

growth, with a clear inverted-U shaped curve for population growth, revealing a
demographic transition.

In our results, we focus more on the ones that we see are more active in the world
today: SSP2 “middle of the road”, and SSP3 “inequality”. We do not present results on SSP4
“Regional rivalry”, given the uncertainty about the possible effects of regional rivalries.
SSP1 “Sustainability” seems to embody the aspirations of certain global agreements, but
based on too many indicators that are still evolving, as is SSP5 “Fossil-fuel development”,
based on the economies of fossil fuels in regions such as the European Union.

As we introduce in the following Section 3.1, we have tried to unify the data on Gross
Regional Product and population projections obtained mainly from the SSP Database Ver-
sion 2.0 and United Nations. This allows us to project future final demand. Furthermore, in
order to project the final demand for food (addressed in Section 3.2.1), water (Section 3.2.2),
and energy (Section 3.2.3), we model the changes in the technologies producing them (e.g.,
yield improvements, see Section 3.3), which also affects the rest of the economy for each
scenario. Although there could also be alternatives to the assumptions made, we have
chosen to retain current country/regional trade associations and clusters.

3.1. General Scenario Framework SSPs

At the Paris Convention, nations agreed that it was necessary to stabilize the tem-
perature increase at less than 2 ◦C [81]. For decades, researchers have argued that the
global temperature rise must be kept below 2 ◦C above pre-industrial levels, by the end
of this century, to avoid the worst impacts, but scientists now agree that keeping below
1.5 ◦C is a far safer limit for the world. The mitigation burden varies with the SSP; SSP3
“inequality” requires ambitious mitigation policies with higher costs, including rigorous
international emissions trading, use of advanced low-carbon technology such as fuel cells,
and a higher renewable energy supply rate, although SSP1 is the one that we associate with
accomplishing the 1.5 ◦C target.

As we see below in Table 1, major proxies for each sector are identified through
the review of SSP studies [29,82]. These are basically based on past trends and future
projections. Most of the SSP data provides info at 5-year steps, so we linearly interpolate to
run the model in shorter timesteps. Additionally, although the baseline year is 2015, we
run the model for the first years for the known final demand percentage changes.
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Table 1. Sources for scenarios and how key factors change in each of them.

SSP1
Sustainability

SSP2 Middle of
the Road SSP3 Inequality SSP4 Regional

Rivalry

SSP5 Fossil
Fueled

Development

Population SSP1 SSP2 SSP3 SSP4 SSP5

Consumption data
and GDP SSP1 SSP2 SSP3 SSP4 SSP5

Landcover SSP1 SSP2 SSP3 SSP4 SSP5

Food demand

SSP1 readapted
with food products

details (based on
[83]

SSP2 from [83] SSP3 from [83] Based on SSP3
from [83]

Based on Average
of scenarios 3 to 6

on RCP 8.5 [83]

Energy
demand

Based on Final
Energy SSP1 ([84],

EIA [85])

Based on Final
Energy SSP2 ([84],

EIA [85])

Based on Final
Energy SSP3 ([84],

EIA [85])

Based on Final
Energy SSP4 ([84],

EIA [85])

Based on Final
Energy SSP5 ([84],

EIA [85])

Water
endowments

Water
Baseline ↓
(increased

environmental
flows)

Water Baseline
(based on Jackson

et al. 2001 and
FAO [86])

Water
Baseline

Water
Baseline

Water
Baseline

θji on ease of trade Baseline Baseline Baseline ↑ Baseline ↑↑ Baseline

Technological
changes

(Reduction in
materials intensity,

in A and F)

Energy technologies based on [61–63,66,84,87]; agricultural technologies based on [46,88]; General
technological changes based on [45,85,89]

Emissions
threshold

Paris Agreement
and NDCs (for
1.5◦) thresholds

Harmonized SSP
data (2.6◦–3.4◦

average in the
main results
presented)
threshold

Harmonized SSP
data (4.5◦ average
in the main results

presented)
threshold

Harmonized SSP
data (3.4◦–4.5◦

average in the
main results
presented)
threshold

Harmonized SSP
data (3.4◦ average
in the main results

presented)
threshold

Note: All cells just indicating SSP scenarios are the SSP data taken from IIASA (see e.g., [34,35,82]). Available online: https://tntcat.iiasa.
ac.at/SspDb/dsd?Action=htmlpage&page=40 (last accessed on August 2021). If several options exist, the Marker Scenarios (see SSP
documentation of IIASA) are taken.

Further explanation of this framework as well as the practical implementation in the
model of demographics and income changes is presented in the Supplementary Material
(Section 3.1, including Figure S1: Relation of forcing levels (climate scenarios) and SSPs,
including carbon prices and Figure S2: SSPs situation in terms of challenges for adaptation
and mitigation).

3.2. Future Food, Water, and Energy Demand
3.2.1. Food Demand

Understanding the capacity of agricultural systems to feed the world population
under climate change requires some elaboration and projection of future food demand.
Valin et al. (2014) note that the underlying drivers of food demand are subject to uncer-
tainty; demographics are not easily predictable beyond a few decades, and economic
growth is even less predictable. To account for such uncertainties and for the wide range
of possibilities, the authors compared 10 global economic models (participating in the
Agricultural Model Intercomparison and Improvement Project, AgMIP) to provide pro-
jections of future agricultural market conditions, under common scenarios [83]. Food
demand projections for 2050—with a world population of almost 10 billion people—for
various regions and agricultural products were compared under harmonized scenarios of
socioeconomic development, climate change, and bioenergy expansion. As for the SSPs

https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=40
https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=40
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in IIASA, the authors provide data for different regions and scenarios, so that we can
project SSPs accordingly. Their reference scenario (SSP2) had an average increase of 74%
in terms of calories, as opposed to the 54% projected by FAO [86]. The range of results
is large, in particular for animal calories (between 61% and 144%), caused by differences
in demand systems and in income and price elasticities. The results are more sensitive
to socioeconomic assumptions than to climate change or bioenergy scenarios. In general,
all of the projected scenarios from 2005 to 2050 show about 70% growth of food demand.
When considering a world with higher population and lower economic growth (SSP3
“inequality”), consumption per capita declines, on average, by 9% for crops and 18% for
livestock. The maximum effect of climate change on calorie availability is−6% at the global
level, and the effect of biofuel production on calorie availability is even smaller.

We develop a range of future demands for food for these different scenarios, changing
the final demands of each region based on the work of Valin et al. (2014) [83]. The
general relation among regions (Table S3) and crops (Table S4) is the one shown in the
Supplementary Material. Specific country/region changes are especially studied for SSP2
and SSP3 “inequality”, along with an average of scenarios 3 to 6 on RCP 8.5. We also
examine the results for an average of all 10 models.

3.2.2. Agricultural Yields and Water Use

Changes in final demand are complemented with the technology changes in the input–
output matrix. We complement the information from the SSPs from IIASA (yield) with the
yield changes from [90]. A linear interpolation from the baseline year (2015) to the 2050
projections is performed in order to study the entire temporal range annually.

According to [45], crop yields would continue to grow through the year 2060 but at
a slower rate than in the past. This process of decelerating growth has been underway
for some time and annual growth over the projection period would be about half (0.8% in
developing countries) of its historical growth rate, i.e., 0.9% (2.1% for developing countries).
Cereal yield growth would slow down to 0.7% per year (0.8% in developing countries),
and average cereal yield would reach some 4.3 tonne/ha, up from 3.2 tonne/ha at present,
by 2050.

3.2.3. Energy

Figure S3 shows the overview of basic SSPs in relation to the energy sector. We also
explore and use, as an alternative scenario, the International Energy Outlook (2019), and
in particular the World total final energy consumption by region, as a baseline increase of
final demand [91]. Final energy consumption is the total energy consumed by end users
and by the energy sector itself. In [84], their Figure 2 shows the final energy demand by
SSP, with narratives of energy as described in the Supplementary Material (subsection on
Energy for scenarios assumptions).

We also acquired information on electricity generation from both the SSP scenarios
and the EIA [85] as an output for the WTM, and we consider the potential technological
changes over the years, as described in the Supplementary Material (subsection on Energy
for scenarios assumptions and Table S5 on relative cost estimates in 2030 and 2050 with
respect to 2050).

Regarding the practical implementation of the WTM, we project the evolution of
these specific technologies mainly with changes in the technical coefficients (A), and
also in the factor use coefficients (F), when some information is provided. Specifically—
and importantly for the nexus—we project, the development of renewable energy from
wastewater, with reuse of methane in the agribusiness sector (and others), which only large
companies are currently applying. This is apart from commonplace aspects, such as the
water needs of electricity generation, or the energy requirements of modernized irrigation.
Future energy savings will come, for example, from solar energy for purification in water
treatment plants. In the food sector, notably beverage production, given the relatively high
energy cost of biological treatments for wastewater, combinations of biological processes
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and non-biological processes (such as advanced oxidation) are progressively introduced.
An increase in second-generation biofuels, reducing demand for food feedstocks, is also
expected. By 2050, certain alternative technologies (for example, lab-grown meat) may
ease supply constraints, although this is difficult to model, and so general improvements
and technological changes are applied without trying to guess the cost structure of those
disruptive technologies.
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Regarding endowments, the baseline constraint for the fuel factors (as mining, etc.)
is based on the concept of reserves (recoverable with at least 90% probability), and the
constraints are relaxed over time as a function of the available resource, following the
concept of ultimately recoverable resources [87].

3.3. Technological Change and Variables for the Rest of the Economy

Together, income convergence, structural change, and technology development are
projected to lead to a relative decoupling of primary materials use globally. Unless large
rebound effects occur, technology improvements should reduce future materials use per
unit of production, in all major sectors of the economy, albeit at widely varying rates, as
shown in Figure 4 of [45]. According to that study, material intensity per unit of output
is projected to decrease through 2060 by a significant margin (around 30%), while more
modest reductions (5–20%) in intensity are expected in the food sector, electricity and
utilities, agriculture, and other manufacturing. These data are interpolated to obtain values
for 2030 and 2050 in our A matrices. This does not impede higher material use in the
simulations, since economic growth, increasing affluence, and/or different patterns of
consumption may compensate for possible reductions from structural and technological
change. As Ref. [44] summarizes, studies modelling the transition to a circular economy
provide assumptions regarding average material productivity improvements, for which
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the baseline typically is the closest to SSP2. Most economies must further strengthen all
processes reducing raw material use, recycling, etc., under any possible scenario.

All in all, there are many sectors for which we may not easily project technical change,
which is associated with changes in total factor productivity. In [88] four scenarios for
the year 2050 were analyzed, with a “business as usual” or baseline scenario projecting
future rates of GDP growth of 3% per year, and yield improvements of 0.35% to 1% per
year. As shown in Table 2 of [89], medium growth is projected for 3 SSPs, low growth for
SSP3 “inequality”, and high growth for SSP5 “Fossil-fuel development”. Fast convergence
among regions is found in SSP5 “Fossil-fuel development” and also in SSP1.

4. Results
4.1. General Trends

The interplay among all exogenous variables and parameters generates a large set of
endogenous results for each designed scenario. The point of departure between scenarios
includes a set of key aspects, mainly food and energy demands, yield changes, and energy
technologies. This is the key to the FEW nexus. The differentiated results, based on
standardized, literature-based scenarios provide comparable insights into the nexus from a
new point of view.

Although specialization does occur, several countries produce goods for each technol-
ogy, given the relatively high disaggregation for input–output studies, especially in some
technologies, such as agriculture or electricity production, although they remain lacking in
detail. The increasing role of China in the Global Value Chain (GVC) is captured, both in
supply and demand in traditional trade, and other recently changed geographic dynamics,
with a greater density of cross-border interactions [92,93], large volumes of trade, and some
clear-cut trade “clusters” and hubs.

In general, we have seen in recent decades an unprecedented demand for raw materi-
als, notably driven by the rapid industrialization of developing countries. Consumption
of raw materials doubled in three decades (since the early 80s) and projections are that
this use will continue to grow in the next three decades by an additional 30%. Materials
intensity is projected to decline the most in China and India, where the infrastructure
boom is coming to an end. In the 2010s, construction minerals accounted for the lion’s
share of extraction (more than 50%), while biomass and fossil fuels represented about 20%
each (the rest being minerals and ores). Relating these data to the economic sectors in the
model, it is clear that land, water, and mineral-based fertilizers are critical inputs to food
production, which—as shown in one of the most critical scenarios, SSP3 “inequality”—still
have important increases, in a first period more related to cereals and rice, and a second
phase more connected with meat.

Oil, coal, and natural gas dominate the current energy mix in many countries, but this
is expected to change over time, especially in the more sustainable scenarios. Iron, for steel,
and non-metallic minerals, for cement, are still essential in construction and infrastructure
development, as is bauxite that is transformed into aluminum for the transport sectors.

However, the resources generating further constraints, due to present and estimated
future physical availability, are less clear. Such constraints have to do more with the costs
of extraction and hence factor prices, cost of transport, etc. Furthermore, although we have
results for certain minerals and other materials that are fundamental for many construction
and industrial activities, here we focus more on the direct food and energy transitions that
are built into the scenarios we designed.

Generally, our results are consistent with the UNEP International Resource Panel [94],
which projected that total resource use may more than double by 2050 if existing trends
continue (the most similar to SSP2). According to [95], unless resource efficiency is signifi-
cantly improved, this is likely to lead to increasing input costs and, for some resources, a
growing risk of supply shortages.

As is projected for 2050 in [46], most of the growth in crop production derives from
higher yields and increased cropping intensity, with the remainder coming from land
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expansion. Almost all the land expansion in developing countries would take place in
Africa and South America.

Up to 2030, the projected trend in the emergent or developing countries is much
more one of acceleration of both economic activity and materials use, with less room for
decoupling. From then on, this process occurs particularly in China (also considering
that in the plans developed for the Paris agreement peak emissions are expected in 2030),
followed by India, then in other economies that are often called “emerging” or “emergent”.

As an example of the reflected technological change, even under the scenario with
more conflicts in this regard, SSP3 “inequality”, we obtain Figure S4, showing a nearly 0%
production of electric vehicles in 2015, to around 30% in 2030 and almost 100% in 2050.
(Note: the model has some tendency to provide skewed solutions if a lower cost technology
exists with available resources).

In the following we describe more specific results by key aspects of the nexus and their
interactions (e.g., water uses are still largely driven by agriculture, so that the main con-
straints for the sector have to do with water and land), focusing particularly on comparisons
between countries and resources.

4.2. Agriculture, Water and Land

Given the described future food, water, and energy demand, we next examine different
sectoral productions and resource uses that will be affected. Agricultural production is
an example of a sector where the projection changes can clearly be seen, with notable
implications for the use, scarcity, and rents of water and agricultural land. The baseline
scenario provides clear-cut specializations that are consistent with the reality of world
production and trade. Noticeable examples are:

– India especially in sugar, vegetables and fruits, wheat and some other crops;
– The EU, particularly in cereals;
– China, and other Asian regions, in rice production.

Of those, Japan and Korea produce some cereals, Malaysia and Indonesia produce
oil seeds and a few other crops. Further, vegetables and fruits are produced across many
regions, and exhaustion of resources implies having several producers at the same time, as
occurs for all agricultural production, notably the Americas, African regions, and India.
Plant-based fibers are produced in the Middle East and North Africa (16MEAS_NAF_RSA)
and South Asia. Scarcity rents are accrued even for low quality water in India, China,
Southeast Asia, and to some extent in Brazil (it should be remembered that the “in-
accessible”/”impractical” water resources are not accounted for in the endowments),
16MEAS_NAF_RSA, Other, Eastern Europe and West Asia (region18, see Table S3), and in
Japan, Korea, and Europe. Scarcity rents in higher quality water depend much more on
other water uses (e.g., for electronic equipment) and are found, apart from most of those
regions cited above, notably in Japan and Korea.

Scenario SSP3 “inequality” implies some regional rivalries, affecting trade among
countries/regions, showing pressures on local water resources and land, and changes in
agricultural production result (Figure 2), with the WTM/RCOT based on comparative
advantage for SSP3 “inequality”. Agriculture is progressively domestic, and this affects
water scarcity in regions such as Japan, Korea, China, the EU, and the UK, exhibiting short-
run pressures from increased wheat production. The water footprints from production
increase notably in China, Japan, and Korea, while virtual water exports are reduced
globally, particularly in Canada, India, South and Central Africa, Central and South
America, Malaysia, and Indonesia.

We suspect that if the global economy moves in the direction of further resource
optimization and cost efficiencies, it will likely happen at the expense of further increases
in water stress at certain locations, which are increasingly specialized as they have the
comparative advantage of agricultural production. While the stresses may be less severe in
the real world, due to the inefficiencies and redundancies of agricultural production, we
are confident that the model demonstrates the trends. Although we expect that localized
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water stress and shortages will be more common, we anticipate that technological advances
in irrigation will also evolve. However, we do not yet incorporate a paradigm change just
yet and we remain cautious in our projections.

Harvested irrigated land is also projected to expand, according to our results, at
around 15% in the whole period in SSP2, mostly from increases in developing countries,
and the regions of South and Central Africa, South America, Central America and India,
in particular. The Global Agro-Ecological Zone study shows that there are still ample
land resources with some potential for crop production, but this result must be strongly
qualified. According to the study, much of the suitable land not yet in use is concentrated
in a few countries in Latin America and sub-Saharan Africa, i.e., not necessarily where it
is most needed, and much of it is suitable only for certain crops that are not necessarily
the crops for which there is the greatest demand [46]. In our model, land factor constraints
exist for Middle East and North Africa, South Asia (region 7, see Table S3), and Rest of
South East Asia (region 5). Even more concerning is that, even under the most favorable,
sustainable scenario (SSP1), the solution entails some important requirements. Apart from
the significant increases in built-up land, this is also true for certain minerals and, to some
extent, for fish, water, and land needs.

In general, much of the land not yet in use suffers from constraints (chemical, physical,
endemic diseases, lack of infrastructure, etc.) which cannot easily be overcome or is not
economically viable, as indicated by [46]. Pastureland use also increases between 10% in
SSP1 and 30% in (SP5, with around 20% in the other scenarios by 2050.

The increase in water use is not, in general, as high as land use changes, with around
15% by 2050 in the medium scenario of SSP2, including the negative water returns provided
by the water treatment sector in this total. This obviously is indirectly reflected in energy
use. When we set aside the water treatment sector and returns of water to higher quality
forms, we find that total water use increases by up to 70%.

The availability of freshwater resources shows a very similar picture to that of land
availability, i.e., globally more than sufficient, but very unevenly distributed, with an
increasing number of countries (or regions within countries) reaching alarming levels of
water scarcity. This is often the case in the same countries in the Near East/North Africa
and South Asia that have no remaining land resources. One mitigating factor could be that
there are still ample opportunities to increase water use efficiency (e.g., through providing
incentives to conserve water), increasing water reuse, or using water treatment technologies
in the most threatened regions. Figure 3 shows all the factor use changes from 2015 to 2050
with the WTM/RCOT for SSP1.

4.3. Electricity Production

Our model does not impose any growth in consumption or production of electricity,
just technological options, changes, and factor constraints. Despite this, our model indicates
that the share of renewables in energy supplies will grow dramatically. Without constrain-
ing the model, the pure WTM solution sees a dominant position for the production of
electricity from wind. Most countries will produce up to 70% of their electricity from wind
by 2050. Furthermore, on the two technologies of vehicle production, the 2015 solution
provides for vehicles from the traditional non-electric technology, by 2030 the production
is mixed, and in 2050 it is all electric. This process appears to be regionally localized, but
given that we do not assume a particularly better technology in one place than in the other,
this result is simply dependent on how world production and trade is organized, through
specialization and resource availability. The production of electric vehicles is dependent on
more inputs from electronic components and fewer inputs from other sectors. The solution
to the production of electricity technologies of the WTM/RCOT at the 2015, 2030, and 2050
timesteps is shown below.
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Figure 4 shows, on the one hand, that despite having projections of the requirements
for each type of energy, by having a single sector and choice of technologies with the RCOT,
the model, as presented, selects technologies according to costs, resource availability, and
specialization. Despite that the model allows very skewed (due to specialization) solutions,
to a large extent, and this is relatively consistent with [47].

In 2015, renewables provided 7% of China’s total final energy use. Under the renew-
able energy roadmap (REmap) case prepared by IRENA, this share increases to 67% by 2050
(to 60% in our SSP1 scenario, with almost 95% being in the electricity mix). In the European
Union, the share could grow from about 17% to over 70% according to REmap, while our
study achieves 75%. In 2015, renewables accounted for 36% of India’s final energy use, one
of the highest shares in the G20 countries. However, when traditional use of bioenergy is
excluded, its share of modern renewables is only around 10%. Under the REmap Case of
IRENA, India would increase its share of modern renewables to 73% by 2050, while our
calculations result in 68% for India and up to 60% for the USA.
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4.4. GHG Emissions

Regarding GHG emissions, we impose constraints according to climate policy. SSP1
requires very high prices on carbon; in our results, more than USD 100 per unit of measure
in 2030 and USD 500 in 2050, in order to have a feasible solution to the problem. A recent
report from the OECD [96] found that the average carbon price across 42 major economies
was around USD 8 per ton in 2018, far below the level most experts say is necessary to
address climate change. According to [97], those low prices may reflect political constraints
on pricing carbon directly. In Figure S1, we see carbon prices of [35] in terms of the net
present value (NPV) of the global average, from 2010 to 2100 (using a discount rate of
5%). SSP2 would imply an average carbon price of USD 10/tCO2 (range: USD 10–USD
110/tCO2). Focused on a shorter period, the Stern-Stiglitz report set out USD 40–USD
80/tCO2e by 2020 and USD 50–USD 100/tCO2e by 2030. Additionally, ref. [98] estimated
that a global tax of USD 75 per ton by the year 2030 could limit the planet’s warming
to 2 ◦C. However, a later UN report estimated that governments would need to impose
effective carbon prices of USD 135 to USD 5500 per ton of carbon dioxide pollution by 2030
to keep overall global warming below 1.5 ◦C.

Under most other SSPs, scarcity rents from GHG emissions, reflecting the “cost of
pollution” based on a carbon tax, reveal a very high global cost (but also rents earned in
the first years) of pollution, depending on the levels of activity and the energy transition.
For example, in particular under SSP5 “Fossil-fuel development”, scarcity rents (the rents
associated with pollution) of GHG reach the highest levels, together with the scarcity rents
of minerals. This is in line with [45], which stated that more than half of all greenhouse gas
(GHG) emissions are related to materials management activities.
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• Fossil fuel use and the production of iron and steel and construction materials lead to
large energy-related emissions of greenhouse gases and air pollutants;

• Metals extraction and use have a wide range of polluting consequences, including
toxic effects on humans and ecosystems;

• The extraction and use of primary (raw) materials are much more polluting than
secondary (recycled) materials.

In this line, metals are the materials (in our model) whose use is projected to grow the
fastest (metal ores at around 70%), with copper and nickel having the largest environmental
impacts. Non-metallic minerals, such as construction materials, are projected to grow rapidly
(from around a 50% rate in SSP1 up to almost 100% in SSP5 “Fossil-fuel development”).

In our results, scarcity rents for copper go up significantly. Furthermore, although
not fine-tuned in our database, critical and rare minerals are often by-products of larger
mineral processes, such as copper extraction, so in the coming years the availability of
some of these will also depend on its price.

As a limitation, we point out that we have grouped certain minerals that may be
scarce in the future into an aggregate factor. More specifically, Table 2 summarizes the
main results of scenarios, in terms of our focus on FEW.

Table 2. Summary of results by each scenario, in terms of FEW.

FEW and
Other

Resources

By 2030 By 2050

SSP1 Sus-
tainability

SSP2
Middle of
the Road

SSP3
Inequality

SSP5 Fossil
Fueled De-
velopment

SSP1 Sus-
tainability

SSP2
Middle of
the Road

SSP3
Inequality

SSP5 Fossil-
Fueled

Develop-
ment

Food
demand

and
production

According to
Valin et al.
(2014) the

food
demand
does not

change much
across SSPs,
but this one

is in line
with less

direct and
indirect

resources
consump-

tion

Current con-
sumption

patterns are
more or less

followed.
Crop

production
reaches 2.7
billion tons.

Production of
“wheat”

(followed by
rice) notably
increases in

the world, in
several

regions, not
only in the

baseline
places such as

EU, USA,
India or

Canada, but
also expanded

to Middle
East and

North Africa,
Russia and

Other Eastern
Europe and
West Asia.

Consumption
patterns get
closer to the
developed
countries

ones. Meat
and fish con-
sumption are

in general
increased in
developing
countries.

Beyond 2030
demand

growth for
most crops
and meat is
projected to

slow
considerably.

Protein
content
cannot

exceed 40%
under

equitable
diets. Billen
et al. (2015)

According to
Valin et al.
(2014) the

food
demand
does not

change much
across SSPs.
Production

of
“vegetables,

fruit and
nuts”

notably
increases in
India and

China [83].

According to
Valin et al.
(2014) the

food
demand
does not

change much
across SSPs.
Increased

self-
sufficiency at
higher costs

[83].

According to
Valin et al.
(2014) the

food
demand
does not

change much
across SSPs.
Impacts of

climate
change on

food
production

[83].
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Table 2. Cont.

FEW and
Other

Resources

By 2030 By 2050

SSP1 Sus-
tainability

SSP2
Middle of
the Road

SSP3
Inequality

SSP5 Fossil
Fueled De-
velopment

SSP1 Sus-
tainability

SSP2
Middle of
the Road

SSP3
Inequality

SSP5 Fossil-
Fueled

Develop-
ment

Energy

Electrification
is rapid,

particularly
in

developing
countries.

Transforma-
tion towards

public
transport

and electric
or hydrogen

cars. Low
transport

energy
demand

easing the
mitigation
challenge.

Demand for
energy

grows by
40% by 2030.

Moderate
moderniza-
tion of final
energy use.
The picture

is mixed
when

looking at
traditional

and modern
energy

carriers.

Slow growth,
convergence
and modern-
ization in the
global final
energy mix.

The
electrification
in developing

regions is
slow, with

relative
stagnant

technologies.

Rapid electri-
fication,

particularly
in

developing
countries.

More
conventional

transport
system with
high demand

for transp.
services
(decar-

bonization
challenge).

Electrification
is completed.

Demand
growth
slows in

China and
India beyond

2030,
slowing

down global
demand
growth.

The use of
liquids

increases by
2/3 up to
2050 and
remains
roughly
constant

thereafter.
Electricity
consump-

tion x2 from
2010 to 2050.
The direct
use of coal

x2 by 2050 to
fuel

industrial de-
velopment in
Asia, Middle

East and
Africa.

Demand
growth
slows in

China and
India beyond

2030,
slowing

down global
demand
growth.

Electrification
of most

economies is
completed.
The energy
transition is
completed,
but all the

economy has
high

volumes of
activity, with
high require-

ments.

Water

There are no
global total

(high,
medium and
low) water
challenges.

Moderate
increases in
water uses.

Agriculture is
progressively
homemade,

affecting
water scarcity,
and showing

other
pressures,

such as in the
short run
from the

increase in
wheat

production.

Significant
production
takes place
in regions
which are
relatively

water scarce
(China, India,
South Asia,

and
Oceania).

There are no
global total

(high,
medium and
low) water
challenges,
but there is

regional
scarcity in

medium and
high-quality
water type.
Significant

shifts to
more water

efficient tech-
nologies.

If in SSP1 a
decrease of
industrial

water
withdrawal
is projected,
here there is

also some
stabilization,

but some
increase for
agriculture.

Increased
self-

sufficiency
⇒ localized
environmen-
tal stresses.
Agriculture
(e.g., cereal
production)
challenged

in India,
China, the

EU, affecting
water

scarcity (and
other

pressures).

After
previous

increases in
water uses,
up to 2050
these are

stabilized.

Metals and
Minerals in

general

Demand for
major metals

grows
between

30–50%, rare
earth

demand
doubles from
2015 levels.

The
extraction
and use of
primary

(raw)
materials is
much more
polluting

than
secondary
(recycled)
materials.

Compared to
2015 levels,
demand for

steel grows by
80%, copper

by 70%.
Aluminium,
nickel, and

zinc demand
more than

double.
Many

countries
cannot access

some
minerals and

(at a
minimum)

pay a higher
price.

Recurrent
supply

bottlenecks
for specialty

metals as
new

technologies
are widely
deployed.

Also,
massive

extraction
has a wide

range of
polluting

conse-
quences,

including
toxic effects
on humans

and
ecosystems.

While
resources
demand
does not

grow that
much in

other factors
for SSP1 than
others, in the

case of
minerals,
some of

them (related
to batteries
and energy
transition)
are highly

demanded.

Construction
and other
industries
materials
demand
grows in

many places,
e.g., China,
implying

high
demand.

Demand
growth for

steel slows as
the current
infrastruc-
ture and

construction
boom in

large
emerging
economies

slowly goes
down.

Demand is
very high,
with high

scarcity rents
obtained for

some
minerals.
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Table 2. Cont.

FEW and
Other

Resources

By 2030 By 2050

SSP1 Sus-
tainability

SSP2
Middle of
the Road

SSP3
Inequality

SSP5 Fossil
Fueled De-
velopment

SSP1 Sus-
tainability

SSP2
Middle of
the Road

SSP3
Inequality

SSP5 Fossil-
Fueled

Develop-
ment

Land
No major

land
pressures.

Harvested
irrigated
land is

projected to
expand

around 6%.
Pastureland
use increases

by 7% in
2050.

Cropland and
pastureland

pressures are
localized in a
few areas of
the world,
from both

developing
and

developed
countries (e.g.,

Japan and
South Korea).
Other natural
habitats are

reduced.

Land
pressures are
localized in a
few areas of
the world,

especially in
Africa and

cen-
tral/south
America.

Pastureland
is reduced in

the USA.

No major
land

pressures,
although

interestingly
some

increases
from solar

and
especially

biomass are
relevant.

Harvested
irrigated
land is

projected to
expand

around 15%
(pastureland

by 20%),
mostly in

developing
countries (by

regions:
17SS_Africa,
12SOAmer-

ica,
11CS_America
and 8India).

Land
pressures are
localized in
many areas

of the world,
from both

developing
and

developed
countries,

including the
EU.

Land
pressures

localized in
many areas

of the world,
especially in
Africa and
America.

Harvested
irrigated

land rises up
to 25%.

GHG

This scenario
is the one
where the
emissions

are
constrained
to keep the

levels below
1.5 ◦C a t the

end of the
century.
Annual

13–16 Gt
CO2 equiv.

Around 30
annual Gt

CO2
equivalent.

This scenario
is the worse in
terms of GHG
emissions (40
Gt CO2 eq.).
Countries do

not benefit
from best

technologies
and trade,

and the
narrative of

regional
rivalry makes

difficult
international
agreements.

Fast growth
leads to very

high GHG
emissions

which do not
deviate from
surpassing

the 2 ◦C
target at the
end of the

century
despite the
technology
improve-

ments and ∆
energy.

This scenario
is the one
where the
emissions

are
constrained
to keep the

levels below
1.5 ◦C a t the

end of the
century.

Medium
GHG

emissions,
which are
inevitably

driven up by
population

and
affluence

growth but
buffered by
technology
improve-
ments.

Very high
GHG

emissions
which do not
accomplish

current
climate
targets,

especially
with some
countries
still with

brown
energy.

GHG
emissions
rise to ~50
yearly Gt

CO2 equiv.
by 2050.

Source: own elaboration. Specifically, the variant of SSP1 provides the least of the increases, with only 10% more of land and water up to
2050. Still, its feasibility is only possible under a combination of reduced demand (as projected in the scenarios), a faster energy transition,
and important technological advances that reduce the requirements of inputs per unit of production. (Without fast technical change and
GHG emissions constraints, it is not possible to achieve the 1.5 ◦C target by the end of the century).

Billen et al. (2015) studied equitable diets whose animal protein content does not
exceed 40%, suggesting that it would be possible to feed the projected global population
of 2050 with larger volumes of interregional trade, with higher nitrogen contamination,
despite some efficiency gains. In our work, we find additional results for this scenario,
showing the changes in land, water, and other factor requirements [99].

As is illustrated in [45], in our SSP2 scenario the general increase in global material use
lies between the percentage increases in population (lower bound) and income per capita
(higher bound). For SSP3 “inequality”, we see the greatest pressures on land and water.
In particular, Japan presents strong constraints, finding in the case of SSP3 “inequality”
outstandingly high scarcity rents of land and water towards 2050, even when the water
treatment sector almost doubles in volume. Something similar occurs for the Middle
East, and even for the EU, whose higher level of development of agriculture increases
these pressures.

5. Discussion

Global demand for materials has increased 10-fold since the beginning of the 20th
century and is set to double again by 2030, compared to 2010, according to [100]. It is
recognized (e.g., [101]) that if present trends continue, human demands on the Earth’s
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ecosystem are projected to exceed nature’s capacity to regenerate by close to 100% by
2030—meaning that we would need two Earth-sized planets to meet human demands.

In this context, water footprints and virtual water studies have also shown how
pressures directly and indirectly occur across frontiers, with previously unrecognized
global forces at work driving local-scale problems [48,49,102–104], as well as challenges
and measures of water scarcity not solely focused on blue water (surface- and groundwater),
but also on green water (soil moisture directly returning to the atmosphere as evaporation;
see [105]) and grey water studies [106–108].

Some authors have questioned whether policy solutions based on water footprints and
virtual water concepts may be myopic (or not realistic) by not considering the interrelation
of other factors in the socioeconomic choices of production location, trade, and policy.
This article overcomes some of those critiques and related discussions around the policy
implications obtained, by developing a comprehensive framework, with multiregional and
multisectoral data, as well as multifactorial data (water, but also land, minerals, etc.), which
allows us to obtain results accounting for such uses, for endowments, and for scarcity rents.
In particular, our baseline solution highlights major low-cost producers in each production
sector—India especially in sugar, vegetables and fruits (together with several American
and African regions), Asian regions in rice production, Malaysia and Indonesia in oil seeds,
the EU particularly in cereals, the Middle East, North Africa, and South Asia in plant-based
fibers, and so on.

Under a middle-of-the-road scenario, SSP2, water use increases are not projected to
be as high as land use changes, with around 15% up to 2050, which includes endogenous
water returns (hence with possibilities of reuse) provided by the water treatment sector.
Under SSP3 “inequality”, which recent events and decisions have made less improbable,
agriculture is progressively domestic, and this affects water scarcity in regions such as
Japan, Korea, China, Europe, and the UK, with short-run pressures from the increase
in wheat production in China, the EU, and the UK. Water footprints of production are
increased, notably in China, Japan, and Korea, while virtual water exports are reduced
globally, especially in Canada, India, South and Central Africa, Central and South America,
Malaysia, and Indonesia.

Our results can be contrasted with other studies which tend to find a much larger
portion of the population that is exposed to increased water resources stress in some, if
not all the future scenarios they investigated [29,70,71,73]. The reason for this fundamental
departure is the nature of the models utilized across these studies, including ours. The
contrasted studies utilize spatially explicit models that are fed primarily future climate
data. Whereas, in our application the World Trade Model has two main mechanisms to
address the scarcity of resources. The first one is the utilization of trade, which assures the
transfer of water from water abundant regions to water scarce regions in the form of virtual
water, which is the water embodied in the production of food and non-food commodities.
The second mechanism is the extensive use of wastewater treatment technologies we
implemented in all the economic regions we studied, which provide virtually unlimited
amount of reusable water, with the inclusion of a price tag. Finally, the spatially explicit
models and our approach differ in the resolution of the data we incorporate. Our approach
requires us to work with much larger geographical units of study, while the spatially
explicit models incorporate high resolution grid data with much ease.

An energy transition is projected among most studies and scenarios, even though
some narratives, e.g., SSP1, project faster changes than others, e.g., SSP3 “inequality”. Still,
the resource needs are limiting in all cases, with high scarcity rents (in the case of SSP1, e.g.,
through carbon tax constraints to maintain low levels of GHG) and even greater growth
in narratives of economy and population (e.g., SSP3 “inequality” and SSP5 “Fossil-fuel
development”). The competition for certain raw materials will increase in the future as
key countries such as China and USA, together with the EU, are all highly reliant on
imports of the same materials. Interestingly, despite the different possible transitions
to a circular economy providing assumptions regarding average material productivity
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improvements, all scenarios incorporate some forms of energy transition and deployment
of green technologies. Being aware that many technological developments, material use
and cost reduction per unit produced, etc. have been historically often underestimated
(even envisaging scarcity or polluting crisis that latter on did not occur, see [109]), especially
due to the energy transitions the scenarios imply some raw materials scarcity and material
bottlenecks in the future development of green technologies (see on this [110]).

A clear policy implication is then that, in all scenarios, processes of energy transition,
raw material use reduction, and recycling must be strengthened. Most economies must
further strengthen all processes of raw material use reduction, recycling, etc., under any
scenario, given the low departing point in terms of circularity, mostly driven by the fact
that processed materials are used to provide energy, not available for recycling [111]. As
summarized in [44], circular economy roadmaps were introduced in China in 2013 (with the
objective of reusing industrial solid waste), in the EU in 2015, and later in other countries.
Examples of policy frameworks related to resource efficiency or materials management
are Japan’s Fundamental Law for Establishing a Sound Material-Cycle Society, and the
Sustainable Materials Management Program Strategic Plan in the USA. The latter includes
a national target of a 50% reduction in food waste by 2030 [112]. Such frameworks are
being established with the idea that there are many interlinkages in policies and potential
benefits among the associated economic, environmental, and social aspects.

Our results reveal that feasibility of SSP1 is only possible under a combination of
reduced demand, a fast energy transition, and important technological advances that
will reduce the requirements of inputs per unit of production. Furthermore, as discussed
around the Green New Deal for the last decade [113–117], and now dominating the media
scene as a set of proposals for the post-COVID19 crisis, significant investments, involving
infrastructure and needs from the material base, are required. Even under these scenarios,
important initial requirements that impede direct reductions in factor uses, show—at
best—an inverted-U shape.

At the company and sectoral levels, in sectors such as agriculture, food industry, and
water treatment, the technologies present trade-offs between the quality of water obtained,
the energy used, and their costs. This is reflected in the choices of the WTM/RCOT,
and so with the global minimization of factor costs, dominant technologies are selected
based on their production recipes (dependent on their technological costs), resource use,
and availability.

As discussed and summarized by [118], resource-scarce countries need to re-consider
their economic development patterns if they want to have food and environmental security.

In terms of the limitations of this work, we can point to the following. First, the
inherent uncertainty of the scenarios for the future leads to uncertain results, limited to
ranges. By taking different narratives and paths, we have tried to minimize this, but still
these should be taken as what they are, possible futures dependent on several hypotheses.
Second, in order to build our model, we have tried to unify the information on projections,
mainly from the IIASA database, but taking data from different sources is unavoidable,
especially when we are attempting to cover so many different aspects: economic accounts
and trade, resource uses and bases, different possible futures, etc. We have tried to
frame those projections within the SSP narratives, but again there has been subjectivity of
interpretation of each SSP.

Aspects of the FEW nexus that are not specifically modelled could be improved in
future work. For example, we have accommodated two technologies of vehicle production,
in which the production of electric vehicles is dependent on greater input from electronic
components and less from other accounts. However, in terms of consumption, we could
not properly capture the introduction of hydrogen produced from renewable electricity
as a vehicle fuel, since we did not have an associated technology factor; all we can see is
higher consumption of electricity and less of oil.

Related to these concerns, we do not fully capture the scarcity of very particular
minerals. Rare metals are especially vital for renewable energy technologies, such as
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electric cars (a Tesla vehicle, for example, requires about a bowling ball’s worth of lithium)
and photovoltaic panels need the rare mineral tellurium. Other so-called rare earth metals,
and the more traditional copper, uranium, and gold, are critical due to their properties
and may see spiking prices because of their important role in the production of weapons,
computers, batteries, smartphones, and other electronics. Returning to the electric vehicles
discussion, e.g., on how the cost of batteries may go down (100USD /kWh is a current
“magic number”, where EVs and gas-fueled vehicles reach retail price parity, which was in
650USD /kWh in 2009 and seems to have been reached, [119]), we could not properly link
the global demand for lithium batteries, which is expected to rise sharply [61].

Future work may focus more on these other aspects, which ultimately are another
nexus in a complex society, with multiple networks and interlinkages among socioeconomic
factors and the physical base. Another line of future work is that of interlinking which
policies could facilitate a move from one SSP to another, and how these could contribute to
mitigation and adaptation processes, not to mention concerns of vulnerability and exposure
to natural disasters, infrastructure deterioration, vulnerable population, and so on. As
for technological changes, adaptation and mitigation policies affect many sectors (notably
industry, construction, and energy) and should guide optimal decision-making.

On these aspects a text such as [109] about how fast things have changed in the recent
history (especially compared to earlier periods) on technology, more speculative about
future scenarios, etc., one may become more optimistic. Or at least, more convinced about
the technical possibilities, and actually of the accomplishment of such changes, partly with
political will (which at some places such as the EU seems to be more present than ever), but
also partly simply due to technological and market transitions (e.g., as the taking over of
renewable energies over fossil-fuels due to technological development and cost reduction,
which, together with other limits that global environmental change may impose, probably
make less likely mainly fossil-fuel-based societies as it has occurred until very recently).
Related key examples have to do with how some technologies have (and others similarly
could be) deployed also in the so-called developing world (with enormous potential for
energy transitions e.g., of distributed generation such as solar, as it occurred with the
mobile technology adoption).

On the other hand, we find radiographies of the evils and dangers that afflict contempo-
rary society, e.g., [120], critiques to techno-optimism [121], and Refs. [122,123] highlighted
even more the urgency of global changing action, which has been discussed strongly since
the early 90s, with the Kyoto protocol, etc. Looking at all the graphs on how GHG emissions
have increased in the XXth and early XXIst centuries, and how they should go inversely
down (showing a sharp bell shape type) even in some not surely safe paths, one gets an
intuition of the very large policy (perhaps forms of global governance) and behavioral
changes that are needed. Overcoming some considered failures (e.g., [124]) and inertias
(at the individual level through ‘habits’, and at the level of socio-technical systems) to
improve energy and climate policies has been largely discussed, e.g., in [125]. From social
science, philosophy, anthropology etc., mainstream economic theory, behavioral economics,
environmental, ecological economics, etc. one finds models, explanations, experiments,
evidence, etc. on how humans and collectivities are expected to (vs. how actually) behave.
In general, the discussion is framed about what type of values and priorities are established,
what are the incentives (in economic terms, mostly about gains/losses from each action,
subsidies/taxes, etc.) and assumptions/logic/evidence on human behavior accordingly.

Still, since history shows us the great diversity of societies that have existed and
co-exist, we find it difficult to find more than some trends or hints as above (for educated
guesses or assessments) in order to take a scenario as more plausible. An exercise of
thinking about four possible futures and particularly potential dangers such as those
discussed by [126,127] (as earlier e.g., [128]) also sets the scene on how different political
will, human behavior, etc. may actually change how the world look like departing from
current trends and developments today.
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