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In 2012, governments worldwide renewed their commitments to a more sustainable develop-
ment that would eradicate poverty, halt climate change and conserve ecosystems, and initiated a
process to create a long-term vision by formulating Sustainable Development Goals (SDGs).
Although progress in achieving a more sustainable development has been made in some areas,
overall, actions have not been able to bend the trend in critical areas (including those related to
the so-called food-water-energy nexus). Here, we analyze how different combinations of tech-
nological measures and behavioral changes could contribute to achieving a set of sustainability
objectives, taking into account the interlinkages between them. The objectives include eradicating
hunger, providing universal access to modern energy, preventing dangerous climate change,
conserving biodiversity and controlling air pollution. The analysis identifies different pathways
that achieve these objectives simultaneously, but they all require substantial transformations in
the energy and food systems, that go far beyond historic progress and currently formulated
policies. The analysis also shows synergies and trade-offs between achieving the different
objectives, concluding that achieving them requires a comprehensive approach. The scenario
analysis does not point at a fundamental trade-off between the objectives related to poverty
eradication and those related to environmental sustainability. The different pathways of achieving
the set of long-term objectives and their implications for short-term action can contribute to
building a comprehensive strategy to meet the SDGs by proposing near-term actions.
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1. Introduction

In June 2012, world leaders, policy makers, NGO repre-
sentatives and scientists came together at the United Nations
Conference on Sustainable Development (UNCSD) in Rio
de Janeiro (Rio + 20). One purpose of this conference was to
evaluate progress in moving towards sustainable development.
onmental Assessment
. Tel.:+31 6 11956484.
Twenty years earlier, also in Rio de Janeiro, the UNCED
conference (the United Nations Conference on Environment
and Development) adopted the so-called Rio Declaration on
Environment and Development (UNCED, 1992). In this declara-
tion, countries worldwide agreed on a set of key ambitions in
achieving sustainable development, including environmental
protection (Principle 4) and poverty eradication (Principle 5),
while also three conventions related to responding to climate
change, biodiversity loss and desertificationwere adopted. Since
then, many more related sustainable development goals have

http://crossmark.crossref.org/dialog/?doi=10.1016/j.techfore.2015.03.005&domain=pdf
http://dx.doi.org/10.1016/j.techfore.2015.03.005
http://dx.doi.org/10.1016/j.techfore.2015.03.005
http://www.sciencedirect.com/science/journal/00401625


1 In order to avoid confusion with the SDGs, that tend to be formulated for a
shorter time frame, we avoid the word goals for 2050 but instead stick to the
words targets and objectives.
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been agreed on internationally, including freeing people
from extreme poverty and multiple deprivations (Millennium
Development Goals, UN, 2000), climate targets (UNFCCC,
2010) and the objective to halt biodiversity loss by 2020 after
a failure to realize this goal by 2010 (CBD, 2010). Documents
in preparation of the Rio+ 20 conference, showed that despite
some progress, actions have not been able to bend the trend
for critical issues such as access to sufficient food and
modern forms of energy, preventing dangerous climate
change, conserving biodiversity and controlling air pollution
(UNEP, 2012). Therefore, the Rio + 20 conference also
intended to secure renewed political commitment for
sustainable development and agree upon a further set of
actions.

By now it can be concluded that while the Rio + 20
conference reiterated the ambition to achieve sustainable
development, countries did not really manage to agree to
additional actions in a strong and meaningful way (Bernstein,
2013; GEGP, 2012; Hanrahan, 2012). Arguably, the confer-
ence’s most important decision was to develop a set of so-
called Sustainable Development Goals (SDGs) for ‘pursuing
focused and coherent action on sustainable development’ (UN,
2012). The SDGs should formulate a universal agenda applicable
to all countries, integrating the social, environmental and
economic dimensions of sustainability. The process to formulate
SDGs has merged with the process to formulate the post-2015
development agenda, the new development agenda that should
succeed theMillenniumDevelopment Goals (MDGs) when they
expire in 2015, to address both poverty eradication and
sustainable development. The MDGs had a similar role earlier,
although focusing primarily on poverty eradication, promoting
action to achieve a set of human development-related targets.
Furthermore, similar to the MDGs, the SDGs should be
accompanied by targets and indicators to measure progress
towards the achievement of these goals (Bernstein, 2013; Evans
and Steven, 2012; Ivanova, 2013).

The process of selecting a set of SDGs is nowwell underway
(although it has been argued that the lack of a consistent vision
has complicated the process of developing SDGs (Bernstein,
2013)). Ideally, the SDGs strike a balance between near-term
action and long-term ambition. Studies that depict pathways
that relate near-term actions and a long-term vision could help
implementing the SDGs by 1) providing a link between a long-
term inspirational vision to a medium-term set of sustainable
development goals (say by 2025 or 2030), 2) showing what
efforts would be needed to realize the goals and 3) providing
information on the inter-linkages (synergies and trade-offs)
between the achievement of the goals. The first two points are
particularly important given the separation of many interna-
tional policies between long-term ambitions and short-term
actions (Klein, 2013; Riahi et al., 2015). The current paper
describes an analysis that looks into the question how different
pathways (or scenarios – see Methods Section) could evolve
that aim at achieving a long-term sustainability vision. We
concentrate on the sustainable developed challenges related
to the energy-food-water nexus which lies at the hearth of
the world’s sustainability problems (see for instance recent
international assessments such as UNEP’s Global Environmen-
tal Outlook and the IPCC reports). The pathways in this paper
fully address these three key areas of sustainability and their
interactions – and as such form an unique contribution to the
existing literature on response strategies and scenario analysis:
integrated assessment models did not analyse before such
scenarios addressing such a wide set of issues. These pathways
are designed to all achieve the same set of targets in 2050
related to the energy-food-water nexus, but by different
(contrasting) combinations of technological measures and
consumption changes. The key questions of the paper are:

- Howwould different pathways evolve aimed at achieving a
broad set of sustainable development targets in 2050?

- What do such pathways tell us on the level of (near and
medium-term) action consistent with achieving these
targets?

From earlier environmental assessments (e.g. MA, 2005;
UNEP, 2012), the conclusion can be drawn that (closely
connected) clusters of issues (the so-called nexus) play a
critical role in the sustainable development debate: 1) ensuring
sufficient food supply while conserving biodiversity, and
2) ensuring a modern energy access for all while limiting
global climate change and air pollution.We have organized the
discussion in these two clusters, but it should be noted that our
analysis is in fact integrated, and analyzes how goals can be
achieved simultaneously. The paper also briefly discusses the
relations with measures implemented in the two focus areas
with water scarcity, imbalances in the Earth’s nutrient cycles,
and human health loss. In our analysis, we account for the
technical and physical limitations that play a role in achieving
long-term targets. At the same time, we leave the question
whether achieving the set of targets is feasible from a political
perspective aside to provide full insight into potential options.
An essential aspect of the sustainability challenge is that it
covers a very wide range of related issues. Therefore, it is not
always possible to present the underlying details of our
analysis, for which we refer at places to earlier, more detailed,
work and a more extensive report (PBL, 2012).

The structure of the paper is as follows: First, in Section 2
we discuss the methods that have been applied in this paper.
Second, in Section 3 we discuss the main scenarios and their
results for land-use and related issues and energy use and
related issues. Finally, in Section 4 we draw conclusions.

2. Methods

2.1. Modeling approach

In the study, we applied a model-based scenario approach
in which scenarios are used to analyze what is needed to
achieve a set of 2050 sustainability objectives.1 Often, scenarios
are designed to be forward-looking: i.e. explore how the future
could evolve on the basis of a preset storyline (a set of
assumptions), also referred to as explorative scenarios (van
Vuuren et al., 2012a). The purpose of the exercise, here, in
contrast, is to explore the characteristics of scenarios that are
designed to achieve a set of future objectives. Such scenario
approach is often referred to as normative scenarios or as
backcasting. It should be noted that in analytical sense, the
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difference between these different scenario approaches is not
that large and various intermediate approaches exists.

A second issue with regard to methods, is that we use the
word pathway here as a somewhat more generic description
of ways to achieve specific objectives in the future. In contrast,
the word scenario refers to a more quantitative description
of how the future may unfold, based on an internally con-
sistent (i.e. model-based) set of assumptions. The difference is,
however, not always clear-cut.

The modeling framework used for this paper, the IMAGE
integrated assessment model (Bouwman et al., 2006; Stehfest
et al., 2014), takes into account, as much as possible, the
limitations in terms of physical and economic feasibility (e.g.
potential for improving crop yields and the capital turnover
rate in the energy system). Political and societal constraints on
feasibility have not been explicitly taken into account for the
development of pathways. Instead, we have used the scenario
outcomes to discuss some of the policy implications.

The method used consists of 3 key steps as depicted in Fig. 1:

1. Selecting a set of key sustainable development objectives
for 2050, consistent with a long-term vision on sustainable
development (see Section 2.3)

2. Developing a so-called Trend scenario that starts from his-
torical trends and looks into future developments without
the introduction of new policies (see Section 2.4)

3. Developing a set of three contrasting alternative scenarios
(Challenge Scenarios or Sustainable Development Scenarios)
aimed at achieving the set of sustainable development
objectives, explicitly describing the measures taken in these
scenarios (see Section 2.5)

This analysis clearly goes beyond earlier model-based
scenario assessments in this area. First, earlier assessments
have mostly focused on separate issues (e.g. on climate),
whereas, in this paper, we consider the challenge of achieving a
comprehensive set of objectives, within the same time frame,
Fig. 1. Main study design. First, a set of Sustainable development goals has been deri
trends. The Challenge Scenarios or Sustainable Development Scenarios in contrast explo
compared to the Trend Scenario. Finally, the study looked into the implication for deci
for different issues. This allows us to look at the important
linkages between the issues. Second, also the use of compre-
hensive analysis of the nexus related issues provides an
important new element compared to existing literature.
Finally, the use of scenarios defined on the basis of 2050 goals
(normative scenarios) is relatively uncommon. It should be
noted that in our analysis we focus on the type of measures
needed to respond to the nexus related challenges. For many
of these, it is not easy to estimate costs (e.g. dietary change).
Therefore, instead of estimating costs, we try aim to describe
the associated efforts, and synergies and trade-offs of the
different strategies in more physical indicators.

2.2. IMAGE integrated assessment model

The IMAGE integrated assessment model looks into global
environmental developments based on different assump-
tions with regard to socio-economic development and policy
(Bouwman et al., 2006). The model consists of several coupled
models that describe the energy and land use system, and
also represents the natural earth system, such as climate and
natural vegetation. Most of the subcomponents of IMAGE are
simulation models, i.e. a set of rules determines the future
developments of, for instance, the energy system and land use.
The human systems are described in IMAGE at the level of
24–26 regions. The natural system is described mostly on a
0.5 × 0.5 grid. The strength of the model is that it is able to
connect various sustainable development topics.

In the energy system, different technologies compete for a
share in investment flows on the basis of their relative costs.
The focus of the model is on describing long-term dynamics.
Long-term decisions in the energy system are assumed to
be governed by the relative costs of various technologies.
These long-term costs are assumed to be determined by two
processes: depletion and technology dynamics, which in turn
are driven by (cumulative) production. In the land use model,
ved from existing international treaties. The Trend Scenario explores expected
re the transformative action and policies that are needed to meet these goals
sions in the short-term.



2 One may note that for some environmental issues indicated in Table 1,
Rockstrom et al. (2009) and more recently Steffen et al. (2015) suggested
quantified ‘planetary boundaries’. The proposed planetary boundaries are often
a little more stringent than the targets looked into here, implying that even if
the proposed set of objectives would be achieved, the world could still be
exposed to a level of global environmental change exceeding the conditions
observed during the Holoscene (the criteria used to design the planetary
boundary indicator set).
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key inputs are the demand for production of food, feed, animal
products and bio-energy. The demand for the first three
products are in most IMAGE studies (including this one)
designed using a link with the general equilibrium model
MAGNET that assigns agricultural production to regions based
on relative production costs, based on biophysical information
on land-supply per region in the IMAGE model (Bouwman
et al., 2006). This means that information is exchanged
between these models: first the impact of local climate and
soil conditions on yields determine the land-supply curve.
Next, theMAGNET calculations determine regional demand for
agricultural products, trade, production levels – but also the
impact of investments into technology and management in
response to land scarcity. Demand for bio-energy crops (mostly
second generation) comes from the energy model and is only
allowed on land not used for food production. Subsequently,
the required land use is translated into a 0.5 × 0.5 degree land
use map by a set of allocation rules, including a preference for
high yield grid cells, the proximity of other agricultural and
urban areas, excluding protected areas (nature reserves) and
built-up areas. Expansion of agricultural area will lead to a loss
of natural area, but also (depending on the ecosystem that is
converted) additional CO2 emissions from land-use change.
The iteration between the core IMAGE model and MAGNET is
performed in this study is performed for the baseline and policy
scenarios.

The IMAGEmodel is coupled for the analysis described here
to the GLOBIO and GISMOmodel. GLOBIO assesses the changes
in global biodiversity by comparing the future situation with
the natural situation (thus measuring ecosystem intactness)
with respect to 1) size of the ecosystems and 2) its quality (as
estimated on thebasis of pressure factors). The product of these
two factors is referred to as theMean Species Abundance index
(MSA) (Alkemade et al., 2009). For pressures, the GLOBIO
model covers climate change, nitrogen deposition, infrastruc-
ture development/disturbance (driven mostly by income),
fragmentation, and forestry and extraction activities. To deter-
mine changes in human development in relation to the global
environmental changes calculated in IMAGE, the GISMOmodel
is used (Hilderink and Lucas, 2008). This model is used here
to determine hunger (prevalence of undernourishment and
child underweight), access to drinking water and sanitation
and impacts on child mortality of hunger and lack of access
to safe drinking, basic sanitation and modern energy sources.
Key inputs from the IMAGE model are food supply, residential
energy use, air pollution and climate change. In GISMO, this
is combined with assumptions on the distribution in supply,
relationships between environmental factors, income levels
and health and demographic factors.

2.3. Sustainable development objectives

As indicated in the introduction, the goal of this study is
to analyze pathways for achieving a broad set of sustainable
development objectives and targets that together provide a
vision for 2050. These objectives are connected to the main
principles of the Rio Declaration, in particular Principle 5
(eradicate poverty) and Principle 6 (conserve the Earth’s
ecosystem), and focuses on the two clusters: food and biodi-
versity loss as well as energy use and climate change. We have
defined the long-term objectives mostly for 2050 (sometimes
2030): a period that is nearby enough to be relevant to today’s
policy decisions and far enough in the future to make a
noticeable difference.

The objectives selected for the study and the main sources
for these are indicated in Table 1. In the selection, we con-
centrated on objectives related to the key areas of sustainable
development and the land-energy nexus as indicated in several
environmental studies, i.e. provision of energy and food,
mitigating climate change, providing clean air and reducing
the loss of biodiversity. In Table 1, we specifically use the first
five objectives as normative targets for the scenarios. The other
targets are still used to monitor progress against to identify
synergies and trade-offs. The set of objectives and targets
analyzed here is based on existing international agreements
on environmental and development topics, extended with
proposed objectives and targets from high-level UN advisory
groups and insights from the scientific literature. As such the
set can be regarded as a proxy for the SDGs currently discussed
in the UN system. For biodiversity and energy related targets, a
more in depth discussion can be found elsewhere (Lucas et al.,
2014;Nilsson et al., 2013). It should also be noted that for several
other areas (water and nitrogen) clear, feasible, quantitative
objectives have not been agreed upon internationally.2

2.4. Scenario assumptions

2.4.1. Trend scenario
The starting point of our analysis is the so-called Trend

scenario, a description of possible developments assuming that
no new policies are introduced in order to achieve sustainable
development targets. In this scenario, we assume that the
world population continues to grow from around 7 billion
people in 2010 to 9 billion by 2050 (UN, 2008). This growth
mostly occurs in sub-Saharan Africa and South Asia. At the
same time, the projection for economic growth (based on the
OECD Environmental Outlook to 2050 (OECD, 2012)) shows a
further increase in per-capita GDP in all world regions. Most
economic growth is expected in developing countries. Towards
2040, the highest growth rates are projected for Asia. After
2040, the highest per capita growth rates are projected for
Africa, although it will remain the continent with the lowest
per capita income levels. In terms of policies, the scenario is also
a continuation of current trends, i.e. some improvement in
legislation related to environmental protection and develop-
ment, but insufficient to bend the existing trends.

2.4.2. Challenge Scenarios
The three Challenge Scenarios are derived from the Trend

scenario. In all three alternative scenarios we induce changes
in policies, lifestyle and technology development so that
the set of sustainable development objectives is met. They,
however, differ in the type of measures introduced to meet
these objectives: i.e. their emphasis on changing consumption



Table 1
Main objectives and targets for the analysis.

Category Objective Targets Source/rationale

Food Eradicate hunger Halve, between 1990 and 2015, the proportion of
people who suffer from hunger; halve this again
by 2030, and fully eradicate hunger by 2050;

The target to eradicate hunger was derived
from MDG1 and extrapolated to
2050 based on overall MDG ambition to
eradicate hunger (UN, 2000)

Biodiversity By 2050, biodiversity is valued,
conserved,
restored and wisely used, maintaining
ecosystem services, sustaining a healthy
planet and delivering benefits essential
for all people

Halve the rate of loss of biodiversity by 2020
and maintain biodiversity at the 2020/2030 level
by 2050 (depending on region).
By 2020, at least 17 % of terrestrial and inland
water areas are conserved effectively

The analysed biodiversity target was derived
from the CBD’s long-term vision to conserve, value,
restore and wisely use biodiversity as well as the
CBD’s Aichi target 5 that aims to at least halve, and
where feasible bring close to zero, the rate of loss
of all natural habitats by 2020.
(CBD, 2010).

Energy Ensure universal access to modern
energy

Achieve universal access to electricity and modern
cooking fuels by 2030;

Proposed goal UNSG and AGECC
(AGECC, 2010); JPoI-Para 9(a)

Climate Prevent dangerous anthropogenic
interference with the climate system

Avoid an increase of global mean temperature
above 2 °C; keep atmospheric greenhouse gas
concentrations below 450 ppm CO2 equivalent;

UNFCCC (1992) – Art. 2; Cancun agreement
(UNFCCC, 2010)

Air pollution Improve air quality in their cities in
order to protect people's health

Keep annual PM2.5 concentrations below
35 μg/m3 by 2030

(WHO, 2005)

Water
scarcity

Ensure sustainable use of water resources Ensure full access to safe drinking water by 2050
and reduce the level of people exposed to water
scarcity

The JPoI Paragraph 26(c) calls for an ‘efficient
and well-balanced use of freshwater resources’
as well as for ‘safeguarding drinking water
quality’.

N-cycle Avoid acidification of terrestrial
ecosystems
and eutrophication of coastal and
freshwater systems

Reduce N/P use where possible (but without
harming
the ability of the agricultural system to meet the
hunger target)

Human health Reduce environmental health threats Reduce environmental health deaths such as those
related to lack of access to food, safe drinking water
and modern energy (for instance resulting from
indoor air pollution and hunger).

The JPoI Paragraph 7(f) calls to ‘reduce
environmental health threats, taking into
account the special needs of children’.
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patterns, the role of large-scale technology change and the
focus on global versus local approaches (see Table 2; for a
detailed description of the storylines and descriptions see
also (PBL, 2012)). As such, the Challenge Scenarios address the
question of the flexibility in response options. Clearly, it is not
meant to imply that these are the preferred development
trajectories, nor that they are the only pathways possible. In
the global technology scenario, we assume that sustainable
development is pursued mainly by large scale technology
solutions, e.g. responses that are similar in different regions.
Globalmarkets drive the implementation of these responses. In
thedecentralized solutions scenario, in contrast,we lookmore for
decentralized responses, mostly consisting of technologies that
can be implemented on a smaller scale and better combined
with an emphasis on regional diversity. The same applies for
changes in governance structures. Finally, the consumption
change scenario, starts from implementing a set of behavioral
changes that reduce consumption levels (e.g. diets).

In Tables 3 and 4 we have more specifically indicated
the assumptions for each of the Challenge Scenarios for land-
Table 2
Main assumptions in the different sustainable development (Challenge) scenarios.

Scenario Main assumptions

Global technology Achieves the 2050 targets, with a focus on large-scal
fuel use with carbon-capture-and-storage. The pathw
through trade liberalization.

Decentralised solutions Achieves the 2050 targets, but with a focus on decen
interwoven with natural corridors and national polic

Consumption change Achieves the 2050 targets, with a focus on changes i
per capita, reducing waste generation and the choice
use and biodiversity and energy and climate, respectively. We
derived the measures and the quantitative assumptions for
implementation from the storylines and the literature. Re-
garding the ambition of the policies, we looked into studies
on ambitious but feasible implementation. Some examples
include rapid efficiency improvement in line with underlying
publications on energy efficiency, the scope for carbon storage,
the potential for large-scale sustainable bio-energy and
dietary change. For each scenario, first key assumptions were
implemented in line with the storyline. If a gap remained
in each scenario in reaching the sustainability objectives
than these were met in an iterative process by 1) increasing
the carbon tax for climate change (stimulating a range of
measures), 2) introduction efficient stoves for access to
modern energy and 3) further increasing agricultural yields
(for protecting biodiversity). As indicated in Section 2.2, land-
use policies were iterated between the physical land-use
model of IMAGE and the agro-economic model MAGNET.
It should be noted that we have only allowed bio-energy
production under strict sustainability criteria: i.e. only second
e technologically optimal solutions, such as intensive agriculture and fossil
ay also emphasizes a high level of international coordination, for instance

tralized solutions, such as local energy production, agriculture that is
ies that regulate equitable access to food.
n human consumption patterns, most notably by limiting meat intake
for less energy-intensive lifestyles.



Table 3
Key assumptions for measures introduced in each sustainable development (Challenge)scenarios – land-use and biodiversity.

Trend Global technology Dencentralised solutions Consumption change

Access to food Trends driven by historically
observed relationships with
income

Trend Inequality in the distribution of
global per capita consumption
rates reduced so that all people
are above the minimum
consumption level in 2050

Inequality in the distribution of
global per capita consumption
rates reduced so that all people
are above the minimum
consumption level in 2050

Trade No further liberalization
beyond current policies

Full liberalization of trade in
agricultural products

Trend Trend

Consumption Income driven consumption
trends

Trend Trend Meat consumption levels of at a
twice the level suggested for a
healthy diet (Stehfest et al., 2009)

Supply chain
waste and losses

At historical values Trend Trend Waste and losses are halved (to 15%
of production) (IMECHE, 2012)

Agriculture
productivity

Based on trends in FAO
scenario (FAO, 2006)

In all regions, yield
improvement 30% higher for
crops and 15% higher for
livestock than trend scenario

In all regions, yield improvement
20% higher for crops and 15%
higher for livestock than trend
scenario, only in those areas that
are least vulnerable for biodiversity
loss

In all regions, 15% improvement
in crop yields.

Land planning Default rules in IMAGE
model

Expansion of agriculture areas
close to existing areas in order
to retain highly distinct land
functions

Production areas shared with
nature elements to reinforce
ecological network. Keep at least 30%
of landscape as nature elements.

Trend

Protected
areas

No change in protected
areas

17% of each of 7 biodiversity
realms protected. Protected
areas far from agriculture.

17 of the 779 ecoregions protected. 17% of the 65 realm/biomes
protected.

Forestry Wood demand increases
driven by increase in income

Forest plantations supply 50%
of timber demand. Almost all
selective logging.

Forest plantations supply 50% of
timber demand. Almost all selective
logging.

Forest plantations supply 50% of
timber demand. Almost all
selective logging.

Infrastructure Impact of infrastructure on
biodiversity increases based
on historic correlations.

Trend Slower expansion of infrastructure
(2050 values equal to 2030 values
of trend)

Slower expansion of infrastructure
(2050 values equal to 2030 values
of trend)
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generation bio-energy, only allowing production on aban-
doned agricultural land or part of natural grassland and
excluding nature areas, water scarce areas and severely
degraded areas. While these criteria can be easily introduced
in the model, implementation in the real world will not be as
straightforward. Policies implementing sustainability criteria
Table 4
Key assumptions for measures introduced in each sustainable development (Challenge

Trend Global technology

Access to modern
energy

Access driven by
income trends

Grid investments, subsidies for LPG a
stoves for the poorest households. (P
Van Ruijven et al., 2012).

Lifestyle
measures

Lifestyle change driven
by income trends

Trend

Energy supply
technology

No specific preferences Preference for CCS, H2 and nuclear
in new investment decisions

Efficiency Efficiency trends driven
by energy prices

Efficiency improvements in energy
supply, in demand default efficiency
improvement induced by carbon tax

Trade Liberalization Liberalization
Air pollution Improvement in

emission factors driven
by income

End of pipe measures based on the G
the WHO guidelines in 2050. The em
as the GEA scenarios (emissions can i
measures would already lead to emis

Bio-energy Default bio-energy
potential (around
100–200 EJ/yr in 2050)

Constrained by sustainability criteria
100 EJ/yr in 2050.
have been proposed for the direct land used for bio-energy
production, but the land-use changes for other crops (e.g.
food) induced by bio-energy production will be more difficult
to control – and may require more comprehensive strategies
(e.g. implementing also sustainability criteria for food produc-
tion). Finally, for air pollution, in the Challenge Scenarios,
)scenarios – energy and climate.

Decentralisated solutions Consumption change

nd micro-credit for related stoves, and distribution of improved biomass
achauri et al., 2013;

Trend Preference for public transport,
20% lower material consumption,
recycling of steel, lower heating/
cooling demand.

Preference for renewable energy
in new investment decisions

Trend

.

Implemenetation of best available
technology in residential sector,
service sector and industry
(van den Berg et al., 2011).

Default efficiency improvement
induced by carbon tax.

Increased constrains on energy trade Liberalization
EA scenarios (Riahi et al., 2012). These scenarios were designed to achieve
ission factors in the pathways achieve, as a maximum, same emission levels
n fact be lower if the systemic changes in the energy system induced by other
sions below the level of the GEA scenarios).
restricting potential for purposely grown bio-energy crops to less than



Table 5
Key assumptions on water use (focusing only the Global Technology scenario).

Global technology

Agriculture/energy
use

All changes as described in Tables 3 and 4 are
accounted for in calculating agriculture and
energy system water demand.

Irrigation Efficiency of the irrigation systems is assumed
to be increased to maximum attainable levels
(OECD, 2012)

Industry and domestic
water use

The scenario assumes wide-spread deployment
of water-saving equipment (leading to increased
efficiency)
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emissions are reduced worldwide to meet the WHO guide-
lines. For this, we have used the regional emission levels of the
Global Energy Assessment scenarios –with a similar objective -
as a target (Riahi et al., 2012)).

Tables 5 and 6 indicate some of additional policy measures
that were introduced in order to address water scarcity and the
imbalance of the nitrogen cycle. With respect to these issues,
we assess both the impacts of the land/biodiversity and energy/
climate policies that are introduced as a limited set of additional
measures. For water use, we only concentrate on the Global
Technology pathway.
3. Results of the scenarios

3.1. Trend scenario

The IMAGE model calculations show that the Trend
assumptions (including population and income growth) lead
to a 50-70% increase in the demand for agricultural products
and energy (consistent with literature ranges (Smith et al.,
2010; van Vuuren et al., 2012b)). For agriculture, historically,
most of the additional demand has been met through an
increase in productivity per hectare, while about 20% was met
by expanding the total agricultural area (Smith et al., 2010). For
the future, the gradual slowdown in the rate of agricultural
productivity growth and the potential impacts of climate
change could imply a larger expansion of agricultural area; on
the other hand – the projected slowdown in population growth
could soften expansion. In net, the Trend scenario projects
global land-use to continue to expand slowly, mostly in Africa
(in other parts of theworld stabilization or even a small decline
is achieved). For energy, the calculations showa strong increase
in primary energy supply driven by increasing economic
Table 6
Key assumptions related to the nitrogen cycle.

Trend scenario Global technology

Fertiliser-use
efficiency

Some improvement in utilization
efficiency, but still increase in
fertilizer use to sustain
additional food production

Fertiliser-use efficiency
improved by 50% for
extra yield increase

Animal
excretions

Decreases with increasing
productivity

15% lower excretion
rates due to high
feed-use efficience

Manure
integration

No No

Recycling of
human excreta

No recycling No recycling
activity and demographic trends. Most of the demand under
this scenario is expected to bemet by fossil fuels, as their prices
are expected to remain below those of renewable energy.

The trends depicted in the IMAGEmodel allow assessing the
developments with respect to sustainable development objec-
tives (Fig. 2). Based on the historical relationships between
economic growth, fertility rates and purchasing power of the
poor, the scenario is likely to imply a substantial improvement.
Still, calculations also show that in 2050 around 200 million
people would still suffer from hunger, compared to around
800 million today. Similar to hunger, access to modern energy
sources is projected to improve, largely driven by the relatively
high economic growth in developing countries. However, due
to population growth, persistent poverty and inequality, as
well as increasing energy prices, around two billion people will
still rely on solid fuels (particularly fuel wood) for heating and
cooking by 2050.

The trend in biodiversity is depicted by the MSA (see
method). The Trend scenario projects for the MSA a further
decline at an almost linear rate. Historically, agricultural ex-
pansion and subsequent loss of natural area has been the
most important driver of biodiversity loss. For the future,
however, loss of quality driven by climate change, forestry
and infrastructure development are projected to become more
important factors.With respect to climate change, the trends in
energy use mean that greenhouse gas emissions are projected
to grow by 60% between 2010 and 2050. Thismeans that global
mean temperature is projected to surpass the 2 °C goal well
before 2050. By the end of the century, global mean tem-
perature would likely exceed 4 °C.
3.2. Food and biodiversity

While the scenarios implemented all targets simulta-
neously, we discuss them here in the two main clusters for
presentation purposes. The overarching objective of the food
and biodiversity cluster is to eradicate hunger and maintain a
stable and sufficient food production by 2050while conserving
biodiversity and ecosystems (see Table 1). The ambition to
achieve these targets has to be realized against the backdrop
of 60% to 70% higher demand for agricultural production due to
a much larger and wealthier population (see Section 3.1).
Moreover, there is also an increased demand for modern bio-
energy (see 3.3), although the sustainability criteria restrict the
use of purposely grown woody bio-crops to around 50 EJ/yr.
Below, we present the results of the main assumptions
Decentralised solutions Consumption change

Fertiliser-use efficiency improved by
50% for extra yield increase

Fertiliser-use efficiency
improved by 50% for
extra yield increase

5% lower excretion rates than in trend Decreases with increasing
productivity

Manure is recycled and better
integrated in the agricultural system

No

Recycling of human N and P from households
with access to improved sanitation

No recycling



Fig. 2. Key results for the Trend scenario versus the objectives described in Table 1.
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introduced in Table 3 (assuming that the political will would
exist to implement them, see also discussion).

3.2.1. Access to sufficient food
Fig. 3 shows the total caloric consumption level in each

region, as well as the relative importance of the drivers
of increased demand; that is, population growth (directly
influencing volume) and income growth (leading to more
consumption per person and dietary changes). Ensuring that
the food system will be able to supply this additional demand
as a result of the overall increase in demand clearly presents a
formidable challenge. The additional objectives adopted in
the Challenge Scenarios are that of eradicating hunger by 2050
through different combinations of increase in agricultural
production increases and/or more equitable access to food
(representing policies targeting the poorest groups within
society) (see Table 3). The calculations show that the additional
food production to eradicate hunger (left panel, Fig. 3) is only
small compared to total production levels for 2050. This is
especially the case for the decentralized solution and con-
sumption change scenarios in which increased production is
combined with targeting the poorest households. The implica-
tion of this finding is that providing full access to food does not
need to represent a serious trade-off with the objective to also
conserve biodiversity.

3.2.2. Biodiversity loss
In the Trend scenario, the MSA showed a significant loss of

biodiversity up to 2050 (Fig. 2 and left-hand side Fig. 4). The
calculations show that in the three Challenge Scenarios different
combinations of policy measures (Table 3) can achieve the
objective of stabilizing biodiversity loss at 2020 levels (right-
hand side Fig. 4). Under the Global Technology pathway the
most important contribution comes from increasing agricul-
tural productivity on highly productive lands (Fig. 4) (more
than 60% of the MSA loss is prevented in this way). This has,
however, considerable implications for the required yield levels
as discussed in the next paragraph. Under the Consumption
Change pathway, significant reduction in the consumption of
meat and eggs as well as reduced wastage means that less
agricultural production would be required, thus, reducing the
associated biodiversity loss (closing the gap by nearly 25%).
Under theDecentralized Solutions pathway, amajor contribution
would come from avoiding fragmentation, more ecologically
sound farming and reduced infrastructure expansion (together
about a third of the original gap). Under all scenarios, climate
change mitigation, the expansion and effective management of
protected areas and the recovery of abandoned lands also
significantly contribute to reducing biodiversity loss.
3.2.3. Agricultural productivity
In all Challenge Scenarios a substantial increase in agricul-

tural productivity is required compared to the Trend scenario to
respond to the dual challenge of providing sufficient food to
sustain 9 billion people and to protect biodiversity. Under the
Trend scenario, the annual growth in agricultural productivity is
projected to decline further in line with the trend over the past
15 years (see Fig. 5 for cereals). This is partly caused by the fact
that, in different parts of the world, yields are getting closer to
potential maximum achievable levels and the easiest measures



Fig. 3. Global calorie consumption in the Trend scenario and the 3 Challenge Scenarios.
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have already been implemented. In the Challenge Scenarios,
a much higher productivity is needed to achieve the joint
biodiversity and hunger eradication goals (see also Brussaard
et al., 2010). In fact, the required increase in productivitywould
be the highest under the Global Technology pathway, which
is twice that of the Trend scenario (1.3% annual increase
versus 0.6%). In the other two Challenge Scenarios, productivity
improvements also need to be significantly above the Trend
scenario level. Several technological options exist for increasing
yields in a sustainableway, which vary from further developing
high-yield breeds, closing yield gaps in various parts of the
world, and improvements in agricultural management which
could be applied in the various farming systems (Godfray et al.,
2010; PBL, 2012; Rabbinge and Bindraban, 2012). The relatively
low yields achieved in some developing countries, in particular
in sub-Saharan Africa, signal significant potential for improve-
ment, although, to date, socio-economic factors have acted as
barriers in this respect. The consequences for nitrogen and
water use of the yield improvement in these scenarios has been
accounted for.

The Consumption Change pathway shows that the consump-
tion of fewer animal products and reductions in food losses
considerably reduce the need to increase yields for achieving
the joint food production/biodiversity objective (Fig. 4). The
production of livestock products demands large tracts of land
for feed and fodder production, because of the inefficiencies in
converting feed into meat and dairy produce. The reduction
of post-harvest and supply chain wastes and losses represent
a substantial (15%) effective gain in supply, without requiring
additional land.

In terms of the comparison of the Global Technology
versus Decentralized solutions scenarios, the results show
that both pathways (lined up with the “land sparing” versus
“land sharing”debate in the literature) have significant scope for
increased and more sustainable production, but they also rely
on improved land-use planning (Bennett and Balvanera, 2007;



Fig. 4.Measures used in the scenarios to prevent biodiversity loss, Trend scenario and three Challenge Scenarios.
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Godfray et al., 2010). Multifunctional landscapes (land sharing)
may offer areas of agriculture that are highly interwoven with
nature areas, improving local ecosystems and connectivity
Fig. 5. Required increase in global cereal productivity. Trend scenario
between natural areas (Lambin and Meyfroidt, 2011). It is
likely that such an approach would lead to somewhat
lower production intensities compared to mono-functional
and the three (Challenge) Sustainable Development Scenarios.
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landscapes. On the other hand, while mono-functional land-
scapes (“sparing approach”) could lead to more local biodiver-
sity loss, the strong emphasis on resource efficiency using
cutting edge precision technologies to achieve agronomic
optimization of the farm environment may lead to a favorable
result at the global scale (Rabbinge and Bindraban, 2012). In
multifunctional landscapes, high yields may potentially still be
achieved by combining technological advanceswith the services
provided by natural processes (Bennett and Balvanera, 2007).
In fact, the differences between these systems may become
smaller due to the current direction of agricultural research,
allowing for improved production in agro-ecological systems
and reduced impacts in intensive systems.

3.3. Energy and climate

With respect to energy and climate, the sustainable develop-
ment challenge can be summarized so as to ensure access to
modern sources of energy for all, while substantially reducing
greenhouse gas emissions as well as air pollution. In the Trend
scenario, none of these objectives are achieved (Section 3.1).
In our Challenge Scenarios, we assume that existing barriers for
environmental policy (see Section 3.5) can be overcome by
implementing the measures described in Table 4.

3.3.1. Access to modern energy
There are multiple benefits associated with ensuring access

to modern energy, including avoiding health impacts from
indoor air pollution, improved income and educational oppor-
tunities due to reduced time spent on collecting firewood and
reduced environmental impacts such as deforestation and the
black carbon emissions. In ourmodeling framework, in order to
improve access to modern energy we assume 80 % fuel price
support on LPG coupled with more easy credit access (Van
Ruijven et al., 2012) and a 95 % grid connectivity in 2030,
mainly through massive grid expansion in rural areas in South
Asia and sub-Saharan Africa (Daioglou et al., 2012). Our
calculations show that this could lead to significant increase
in access to modern energy. Nevertheless, due to remaining
poverty, the calculations also show that many households
would still not be able to make the transition to modern fuels.
For these households, we assume the distribution of improved
biomass stoves, as a cost-effective interim solution. These
stoves are more efficient and less polluting than conventional
ones, and the additional investment in improved stoves could
be fully countered through reduced spending on firewood
(Hutton et al., 2006). The total cost of achieving universal
access tomodern energy sources is estimated at aroundUSD 70
billion, for the 2010–2030 period (Pachauri et al., 2013). The
economic benefits of improving health and providing develop-
ment opportunities are expected to more than outweigh these
costs (Hutton et al., 2006; Pachauri et al., 2013). Interestingly,
our calculations suggest that providing access tomodern energy
source would not present a trade-off with climate mitigation
(Fig. 6). The reasons are that the 1) per capita energy con-
sumption of the people involved would (initially) be very low,
2) modern energy sources are more efficient than traditional
ones, and 3) a decreased use of traditional biofuels also reduces
deforestation and black carbon emissions. It should be noted
that climate policies that increase fossil fuel prices could
potentially make the transition to modern energy sources
more difficult. Climate policies should thus be designed in a
way that negative impacts on poor households are avoided.

3.3.2. Climate change
In order to reach the 2 °C target, global emissions would

need to be reduced by around 40-50% by 2050 (Van Vuuren
et al., 2007; vanVuuren et al., 2011), instead of the 60% increase
depicted under the Trend scenario (Fig. 2 and left-hand side
Fig. 7). Various scenarios have been published in the literature,
each with a different emphasis on technological and behav-
ioral changes (Edenhofer et al., 2010; Riahi et al., 2012; Riahi
et al., 2015). The Challenge Scenarios have somewhat different
portfolios (Table 4) depending on the assumed preferences
and technology development rates. Fig. 7 shows how different
mitigation measures contribute to the emission reductions
required to achieve the 2 °C target, while Table 7 summarizes
the consequences for the energy system, both on the basis of
our scenarios and of existing literature. The most important
measures implemented in the scenarios include:

• Reducing non-CO2 greenhouse gases, such as the recovery of
CH4 from landfills and coal mining, is relatively inexpensive
(Lucas et al., 2007) and can contribute to about 20% of
total emission reductions (Fig. 7). There are key co-benefits
associated with these measures (e.g. CH4 emission also leads
to lower ozone levels). However, the potential for non-CO2

emission reduction is limited, as they account for only around
20% of total CO2-equivalent emissions and some emissions
sources are very difficult to abate (e.g. CH4 emissions from
ruminant livestock and N2O emissions from fertilizer use).

• Energy efficiency improvements play a key role, in particular in
the Consumption Change and decentralized solutions scenario
where they account for around 25% of total reductions. In
order to accomplish this, the energy efficiency improvements
have to occur at double the historical rate. Although historical
evidence has shown that it might not be easy to harvest
this opportunity, there is evidence that particular measures,
such as standards, energy service companies, optimization of
material flows and the enforced adoption of best available
technologies, could significantly higher improvement rates
(GEA, 2012).

• Low- and zero-carbon energy sources together provide 50%
to 90% of the world’s primary energy by 2050 (see Table 7).
This can be renewables (especially inDecentralized Solutions),
bio-energy, carbon capture and storage (CCS) and/or nuclear
energy (the latter two especially in Global Technology). Many
of these options comewith their own challengeswith respect
to implementation and/or sustainability issues and their im-
plementation would require further development of infra-
structure. There is some evidence that financial instruments –
such as emission trading schemes, taxation and, first and
foremost, the removal of subsidies on fossil fuels – could be
successful to stimulate a transition.

The fundamental character of this shift can be illustrated
by the decarbonisation rate of the global economy, i.e. the
reduction in the ratio between CO2 emissions and GDP (Fig. 8).
Historically, the highest five-year improvement occurred
during the 1980s at around 2% annually, driven by the high
energy prices of the late 1970s and early 1980s and subsequent
government response programs (see also (GEA, 2012)). Under
the Trend scenario, the historical annual rate of 1% to 2% is



Fig. 6. Access to modern fuels and corresponding changes in household CO2 emissions. The Trend scenario with full access refers to a sensitivity run in which we
implemented the full-access goal only (and not the other sustainability objectives of the Challenge Scenarios).

314 D.P. van Vuuren et al. / Technological Forecasting & Social Change 98 (2015) 303–323
projected to continue. To achieve the 2 °C target, however, the
decarbonisation rate must reach a level of around 4.5% in
the three Challenge Scenarios over the 2010–2050 period. The
rate is projected to increase slowly to an annual improvement
rate of 5% to 6% around 2030, around three to four times the
historical rate (Van Vuuren and Stehfest, 2013).

The emission reductions assumed in the Challenge Scenarios
would likely lead to an increase in global mean temperature
of less than 2 °C (Van Vuuren et al., 2007). Uncertainties in
the climate system, however, imply that warming may also
be 3 °C or more, even if emission reductions are successful.
In other words, countries will still need to adapt to climate
change to deal with the impacts of a 2 °C warming and
possibly more than that. While many adaptation measures
to climate change can be introduced relatively quickly, some
adaptation measures take time, such as coastal protection
and adapting urban planning (Patt et al., 2010) as well as
agricultural systems.

3.3.3. Air pollution
Fuel combustion is currently responsible for a large pro-

portion of the five million premature deaths each year from air
pollution and for more than 8 % of all ill health (Smith et al.,
2012). In the Trend scenario, the trends in fossil fuel use imply
that emissions of air pollutants stay globally at high levels
despite improvement of emission factors (Fig. 9). A substantial
part of the emission reductions in the Challenge Scenarios, in
fact, occur as co-benefits of the changes in the energy system
induced by climate policy as calculated using the IMAGEmodel
(Chuwah et al., 2013). However, these emission reductions are
not enough to meet the WHO guidelines everywhere. There-
fore, further emission reductions had to be introduced by using
end-of-pipe abatement technologies in our calculations repre-
sented by reducing emission factors (the necessary changes
vary slightly across the different scenarios). The resulting
emission reductions are shown in Fig. 9.
3.4. Interlinkages between different sustainable development
objectives

Other key challenges for sustainable development are
directly related to land use and energy trends, such as
preventing water scarcity, reducing the imbalances in the
Earth’s nutrient cycles and preventing damage to human
health. These challenges are briefly discussed below, in terms
of the relationships with the issues discussed previously, but
also in terms of the effectiveness of additional measures.



Fig. 7. Different measures taken in the various Scenarios to achieve the 2 °C target.

315D.P. van Vuuren et al. / Technological Forecasting & Social Change 98 (2015) 303–323
3.4.1. Water scarcity
Many regions worldwide are seriously affected by an im-

balance between availability and withdrawal of water (water
stress, defined as a ratio of water demand over supply larger
than 0.4). Based on the outcomes of the agriculture and energy
scenarios presented in Sections 3.2 and 3.3, and external
scenarios for industrial and residential water use (Ozkaynak
et al., 2012) it is possible to calculate future water demand
Table 7
Share of different technology categories in world energy production, trend scenario an

2000 2050

Trend

This study EMF22

Avg Ra

Fossil fuel 81 80 79 68
Fossil fuel + CCS 0 0 0 0
Bio-energy 9 6 9 0
Nuclear energy 6 4 3 1
Other renewables 5 10 9 2

Note: EMF22 numbers refer to the range of outcomes of the model comparison study
under the Trend and Challenge Scenarios. This can subsequently
be used to estimate the possible changes in water stress using
the LPJ watermodel included in IMAGE, taking into account the
expected change in precipitation as a result of climate change
(Fig. 10). The calculations show that agriculture is the main
user of water, while water use is increasingmost rapidly in the
industrial and energy sectors. Water demands are projected to
increase strongly, under the Trend scenario, with many regions
d the three sustainability scenarios.

Alternative scenarios

This study EMF22

nge GT CC DS Avg Range

–95 40 42 40 35 13–48
–0 12 20 17 20 0–31
–13 13 14 16 15 0–28
–6 22 6 2 14 3–37
–14 14 18 25 16 8–24

coordinated by EMF on different climate policy scenarios (Clarke et al., 2010).



Fig. 8. Decarbonisation rate of the different scenarios.
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worldwide seriously affected by water stress (consistent with
Arnell et al. (2011)). Key drivers of the increased number of
people exposed to water stress are 1) the doubling of water
demand and 2) population growth in water scarce regions.
The result is a doubling of the number of people living under
conditions of severe water stress in the 2010–2050 period.
While in the Challenge Scenarios, water demand is substantially
lower, as a result of changes in agricultural production and
climate policy in the energy system (mainly by reducing
demand for thermal cooling) in the scenarios we also assumed
efficiency measures (Table 5). A key result, however, is that
while the Challenge Scenarios lead to less water demand, still
more people live in water scarce areas in 2050 than today as a
result of the population growth in water scarce areas.

3.4.2. Impacts on the nitrogen balance
Another major environmental problem related to the sus-

tainable development issues discussed so far is the imbalance
in the global nitrogen cycle (Bouwman et al., 2009; Rockström
et al., 2009; Steffen et al., 2015). In order to sustain the
increasing food production in the Trend and Challenge
Scenarios, nitrogen and phosphorus fertilizer use are projected
to increase (based on the modelled yield increases). This
increase will be particularly strong in developing countries. It
is possible to somewhat mitigate this by specific measures,
including significant improvements in crop and livestock
production, recycling of human excreta and a better integration
of animal manure in crop production systems. Nevertheless,
despite the reduction of fertilizer use that is possible compared
to the Trend scenario, there would still be an increase from
today’s levels, primarily in transitional and developing coun-
tries. Fig. 11 shows the nitrogen imbalance according to our
calculations.

3.4.3. Human health
An important co-benefit of achieving the set of objectives

occurs for human health. As defined by the objectives, in the
Challenge Scenarios, by 2050, hunger is eradicated and there
will be full access to safe drinking water, basic sanitation and
modern energy. As a result, our calculations project important
improvements in the global health situation, especially for
children under five, by significantly reducing the incidence and
mortality of diarrhea and respiratory infections. The calcula-
tions show that achieving the objectives could avoid roughly
800,000 child deaths annually by 2050 compared to the
situation under the Trend scenario (Fig. 12). The results also



Fig. 9. Air pollutants in the various scenarios.

Fig. 10. People inwater stressed areas in the various scenarios. Global Technology scenario has been used for illustration of the Challenge Scenarios (other scenarios only
slightly differ).
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Fig. 11. Global nitrogen surplus in the various scenarios.
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show, however, that this will be insufficient to meet the MDG
target on child mortality (which is to reduce the under-five
mortality rate by two thirds between 1990 and 2015) even
before 2030. To further reduce mortality, policies that address
access to food, water and energy should also include certain
quality aspects of access related to hygiene, indoor venting and
clean fuels. Furthermore, the broader socio-economic setting
should be improved as well, including health services and
health education, with a specific focus on female education.
It should be noted that, although reducing the risk factors
for infectious diseases would lead to many healthy life years
gained, at the same time the disease burden of chronic diseases
is likely to increase, especially at advanced ages. In fact, in
the Trend scenario by 2030, the two most dominant chronic
diseases (cardiovascular disease and cancers) are projected
to make up around 50% of all global deaths. Although these
diseases are also related to several environmental risk factors
connected to food consumption, air pollution, climate change,
and a poor quality of the physical environment (e.g. through
physical inactivity, unfavorable diets, obesity, urban air pollu-
tion and heat and cold stress) their relationship is less strong
and the diseases mainly affect the elderly and not the children
under five. The improved air quality in the Challenge Scenarios
decreases related mortality significantly, while projected
urbanisation and ageing dampen the effect of reduced ex-
posure on overall mortality. Furthermore, the eradication of
global hunger through increasing food production also in-
creases food consumption for the better nourished, thereby
increasing obesity and related mortality (PBL, 2012).

3.4.4. An overall assessment of linkages and trade-offs
We have used the results of our scenarios and some further

information in the literature to summarize the different syner-
gies and trade-offs between the objectives as identified in this
study (Table 8).We briefly discuss some of the key conclusions
that can be derived from Table 8. First of all, several important
synergies can be identified (green cells):

• In the energy field, Table 8 identifies several possible
synergies. This means that an integrated approach to
achieving climate, air pollution and energy security targets
could lead to significant cost reductions. Reducing air
pollution, for instance, would lead to important synergies
for climate change mitigation (depending on the type of air
pollution), improve access to food and protect biodiversity.
These benefits would be immediate, which could raise the
appraisal of these measures.

• Sustainable access to enough food, safe drinking water, im-
proved sanitation and modern energy sources would im-
prove health, significantly – especially for small children. It
would also create wealth, both directly and indirectly; for
example, by freeing up time to be used for activities other



Fig. 12. Trends in number of global child deaths in the Trend and Global Technology scenarios.
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than the collection of water and firewood.
• Sound ecosystem management and restoration of degraded
ecosystems may result in cleaner and more reliable water
sources, higher carbon uptakes by natural areas, and improved
soils that would sustain a higher agricultural production.

• Changing dietary patterns may also have important co-
benefits. It would not only help to reduce biodiversity loss,
but itwould also contribute to achieving the climate objective.

• Important linkages (both synergies and trade-offs) also exist
between increased food production and climate change.

There are also several trade-offs (red cells)

• A major trade-off involves bio-energy. This could help to
achieve the climate objective, butwould complicate achieving
those for biodiversity and food. Here, sustainability criteria
and monitoring would be needed to keep the negative
impacts within acceptable bounds.

• Providing access to food for all may also result in several
trade-offs, with climate (as a result of additional land and
fertilizer use) and biodiversity protection. This study shows
that these negative impacts can be compensated, but obvi-
ously require additional measures.

• Biodiversity protection may have negative trade-offs for
access to food.

The synergies and trade-offs work out differently across the
different scenarios. In the Global Technology scenario, the key
trade-offs center across the impacts of technology solutions,
such as increased use of fertilizer, irrigation and fossil fuel
use with CCS. In the Decentralised Solutions scenario, instead, a
key risk (and thus potentially trade-off) centers around the
effectiveness of multifunctional land-use and penetration of
decentral renewable energy options. Finally, in the Lifestyle
change scenario trade-offs are somewhat reduced compared to
the other scenarios by a lower consumption level (which by
itself has mostly synergies), but this hinges on the ability to
implement these changes.

4. Discussion

In the discussion, we would like to briefly discuss two key
issues: 1) the implementation of the different scenarios and
2) the role of scenario analysis.

4.1. Implementation of the different scenarios

In the analysis we have mostly focused on the measures
that can be implemented in addressing sustainable develop-
ment objectives. We have paid little attention to implementa-
tion issues. From the literature, it is possible to identify some of
these barriers. In the field of food and biodiversity, the most
important barriers include (OECD-FAO, 2011; PBL, 2012;
Watson, 2008): 1) persistent low incomes limit access to
food, 2) many smallholder farmers have limited opportunities
to increase production, 3) low levels of public investment in
agricultural research and development, 4) undervaluation (no
or low prices) of ecological goods and services, 5) lack of
consideration of biodiversity concerns in other policy areas,



Table 8
Synergies and trade-offs between different objectives (as covered in this study). Colours indicate synergies (green) and trade-offs (red).

Eridicate
hunger

Halting
biodiversity loss

Access to
energy

Reduce air
pollution

Mitigate climate
change

Access to clean
water

Balance
nitrogen cycle

Eradicate
hunger

More emissions
from increased
production
(fertliser, land
expansion,
tractors) (*)

Increased water
use for
agriculture (*)

More emissions
from increased
production
(fertliser, manure)
(*)

Halt biodiv.
Loss

Less land for
food production (*)

Intact ecosystems
contribute to
better air quality

Fewer CO2
emissions from
land conversion
and agriculture,
new CO2 sinks (*)

More gradual
and uniform
water flow,
cleaner water

More
contribution of
ecosystems in
balancing
nitrogen cyclePreservation of

ecosystem
services helps
safeguard long-
term food supply

Increased water
use by
permanent
vegetation

Access to
energy

Increases income
opportunities due
to reduced time
for fuel
collection, better
health.

Less disturbance
of local
biodiversity for
food collection 

Less indoor and
urban air
pollution (*)

New emissions
from modern
energy offset by
reduced
traditional
energy emissions
(*)

Water
requirement for
power generation
(small) (*)

Reduce air
pollution

Less negative
impact of air
pollution on crop
yields

Less air
pollutions
impacts on
biodiversity (*)

Higher energy
prices

Depends on
which air
pollutants are
reduced (*).

Less water
pollution

Helps to reduce
nitrogen
deposition (*)

Mitigate clim.
Change

Reduces negative
impacts on yields
(but also positive
impacts) (*)

Reduces negative
impacts of
climate change
(*) 

Higher energy
prices (*)

Less emissions
of air pollutants
due to lower
fossil fuel use (*)

Negative impacts
on precipitation
patterns and 
evapotranspiration
reduced (*)

Some positive
impact N2O
emission
reduction (*)

Bio-energy
competes for
land with food
production

Additional land
for bio-energy
(*)

Access to clean
water

Improved water
for cooking
Competition
between
agriculture and
domestic
purposes

Balance
nitrogen cycle

Reduction of
fertilizer use (but
also prevents
toxic fertilizer
levels)

Reduces
pollution

Reduces air
pollution

Some reduction
of N2O emissions

Note: * denotes that the linkages is addressed quantitatively by the modelling framework.
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6) lack of governance structures to manage natural capital and
7) a lack of information about possible policies and measures.
In the field of energy and climate, similar barriers are
important, including 1) pervasive doubt about the extent and
seriousness of climate change, 2) large and conflicting interests
in the energy system (e.g. energy producers versus con-
sumers), 3) lock-in dynamics and subsidizing of fossil fuels,
4) uncertainty regarding energy prices, 5) a bias towards
supply-side investments over those on the demand side, 6) a
lack of commitment to address the energy needs of the poorest
segments of the population and 7) a lack of access to
technology. Clearly, in order to implement the Challenge
Scenarios, policy instruments will need to be introduced,
along with the measures discussed so-far, to address these
barriers. But in addition, each scenario will face specific
challenges. The Global Technology pathway relies heavily on
international cooperation (while at themoment, it seemsmany
international treaties are confronted with strong differences
in interest) and technology improvement (e.g. for agricultural
yields). The Consumption Change scenario relies heavily on
the willingness of different societal groups to participate in the
changes towards less resource-intensive consumption patterns
(which will face strong resistance, certainly in some regions).
Several historical examples are available of successful and
failed (intended) lifestyle transitions (e.g. concerning energy
efficiency, recycling and smoking behavior), also in relation to
government policies to induce or support such transitions
(Hajer, 2011; PBL, 2012). Finally, for the Decentralized Solutions
scenario, in addition to the technological challenges, also coor-
dination of the responses in different regions will represent a
key challenge. Therefore, combining certain elements of these
scenarios may be more effective. The additional advantage
of such an approach would be that different options appeal
to different actors; a broad strategy would do more justice
to heterogeneity in society, and would mobilize its energy.
Obviously, combinations would have to be coherent, and
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the scope for choosing combinations varies depending on
the subject. Further analysis of the policy implications of the
different scenarios would be an interesting follow-up.

4.2. Limitations of the current analysis

Clearly, the IMAGE model scenarios presented here include
a wide range of assumptions and in some cases choices have
been made how to interpret specific storylines. In the time
frame of the study, it was too complex to add a formal
uncertainty analysis – although the differences across the
various Challenge Scenarios obviously provide a key illustration
of uncertainty. Still, the contribution of individual measures in
addressing the different challenges should be mostly seen as
explorative. At the most aggregate level, however, conclusions
aremore robust. In otherwords,while the contribution ofwind
power in the Global Technology scenario should be regarded
as rather uncertain, the implications for the decarbonisation
rate or for overall yield improvement are far more robust. In
order to increase the insights in the uncertainties and robust
messages it would be interesting to explore these scenarios
using a wider set of integrated assessment models – similar to
the recent sets of model intercomparison projects for climate
policy (e.g. Riahi et al., 2015).

5. Conclusions

In this paper, we looked at the possibilities for achieving a
set of long-term sustainable development objectives in 2050,
which are consistent with current international agreements
(e.g. the Millennium Development Goals, UNFCCC and UN
CBD).3 The paper focused on several key sustainability issues
related to the food-energy-water nexus, including the chal-
lenges to: 1) eradicate hunger and maintaining a stable and
sufficient food production, while conserving biodiversity; and
to 2) ensure access to modern energy sources for all, while
limiting global climate change and air pollution. In addition,
we briefly looked at some related issues (nitrogen, water and
health). The analysis focussed on implementing (physical)
measures consistent with achieving sustainable development
objectives, based on three alternative approaches. The scenarios
are meant to be mostly explorative, and are based on a back
casting approach using the integrated assessment model
IMAGE. The scenarios that achieve these objectives can be
used to derive more short-term actions. We have not explicitly
addressed the question how these policies can be implemented
(although the three storylines of the alternative scenarios
do relate to this). Based on the analysis, the following key
conclusions can be drawn.

Without additional policies, the nexus-related sustainable
development objectives in 2050 will not be achieved, despite
progress for human development related issues. For the Trend
scenario (i.e. assuming no new sustainability policies), model
calculations suggest that the situation worsens with respect
to environmental objectives. Greenhouse gas emissions are
projected to double between 2010 and 2050, while the target
is a 50 % reduction. Furthermore, global biodiversity continues
to decline with the historic rate. With respect to human
3 As the SDGs have not yet been agreed upon, the set of objectives analyzed
here could be considered as SDGs avant la lettre.
development some progress is projected driven by strong
economic development in Sub-Saharan Africa and South Asia,
but progress is expected to fall short of the development
objectives of eradicating hunger and providing full access to
modern sources of energy in 2050.

In this paper, three alternative scenarios have been formulated.
The scenarios show that marginal improvements will not suffice to
meet a set of sustainable development objectives in 2050: instead,
large, transformative changes are needed to realize these objectives.
The alternative Challenge Scenarios explore different combina-
tions of technological measures and consumption changes in
order to achieve the set of sustainability objectives. Clearly, in
each scenario specific problems will have to be overcome, such
as the environmental impacts of intensive agriculture (Global
technology scenario) or the difficulty of influencing consump-
tion patterns (Consumption change scenario). The analysis
shows that although in the scenarios the environmental and
development objectives could be achieved, this would require
rather bold, systemic changes.

Decoupling of CO2 emissions from economic growth needs
to take place at 4% to 6% a year, over the next decades, to meet
the climate target of a 2 °C maximum temperature increase by
2100. This is to be compared to the historical rate of 1% to 2%.
This requires a fundamental transition in the energy system. In
agriculture, an average productivity increase of around 1% a
year would be needed to provide sufficient food for all, while
limiting biodiversity loss. This rate is comparable to historical
improvement rates, but might be more difficult to achieve in
the future, as yields get closer to maximum achievable yields.
Somemeasures play amajor role in all scenarios such as energy
efficiency improvement, considerable improvement of agricul-
tural yields and a strong shift towards renewable energy and
carbon-capture-and-storage. Although not all combinations are
possible, combining elements of the pathways could make the
response strategymore robust. Thiswould also do justice to the
pluriformity in society as different elements are appealing to
different actors in different regions.

There is no fundamental trade-off between eradicating hunger
aswell as providing full access to modern energy, on the one hand,
and achieving environmental sustainability, on the other. Eradi-
cating hunger and providing access to modern energy for all
(beyond production increases that result from population and
economic growth) does not have to negatively affect global
biodiversity or climate change in a substantial way. Even if
access to modern fuels for cooking and heating for the poor is
achieved with fossil-fuel-based products, this would result in
only a small increase in CO2 emissions, (partly) compensated
by reducing emissions from deforestation and of black carbon.
Furthermore, the additional increase in food production re-
quired to eradicate hunger would also be only a fraction of
required future production levels. If hunger eradication would
be facilitated by a redistribution of current consumption
levels, the required increase in production would be even less.
Obviously further development beyond “basic levels” will
coincide with much more important trade-offs. Also here, this
studies suggests that these trade-offs can be addressed if effec-
tive policies are implemented.

Resolving the key-challenges related to the energy-land-water
nexus requires a broad set of measures to be implemented. In
order to feed a growing and overall wealthier population, food
production needs to increase by around 60% in the 2010–2050
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period. Substantial effort is needed on multiple fronts to meet
sustainable development objectives, including improved yields
(especially in areaswith relatively low yields compared to their
potential), waste reduction, climate change mitigation, better
land management policies and the expansion of protected
areas. Lifestyle changes towards less resource-intensive con-
sumption patterns may also contribute significantly to the
achievement of these targets. As is the case for food, energy
production also is expected to increase by around 60% over the
next four decades. At the same time, greenhouse gas emissions
would need to be halved in order to achieve the 2 °C target to
limit climate change. Further electrification in the transport
and household sectors could ensuremore flexibility in reducing
emissions. On the supply side, by 2050, around 60% of all
energy would need to come from non-CO2 emitting energy
sources, such as renewables, bio-energy, nuclear power, and
fossil fuel combined with CO2 capture (the current share of
these technologies is 20%). Reducing non-CO2 greenhouse gas
emissions is also part of an effective strategy, because of low
costs and co-benefits, although the long-term mitigating poten-
tial is limited.

Studies like the one presented here can help exploring strategies
to meet the Sustainable Development Goals (SDGs). Clearly, this
study is not the first to emphasize the existing opportunities for
a change towards a more sustainable development. Still, there
seems to be a large gap between the formulation of a long-term
ambition and the current, short-term policies implemented
by policy-makers. It has to be concluded that the approaches
used to unlock this potential of achieving the internationally
agreed ambition, so far, has not been very successful. Although
it is hard to ex-ante evaluate the effectiveness of alternative
scenarios, the analysis provided in this article could potentially
contribute to implementing the SDGs as well as a shared vision
of long-term objectives and consistent short-term targets,
integrating various areas of sustainable development. By
exploring pathways towards meeting long term objectives
and targets, an integrated perspective across both the desired
end objectives and how to get there can be established,
including intervention strategies, interim steps and targets
over time.
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