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A B S T R A C T

In this paper, we present four model-based scenarios exploring the potential for resource efficiency for
energy, land and phosphorus use, and implications for resource depletion, climate change and
biodiversity. The scenarios explored include technological improvements as well as structural changes in
production systems and lifestyle changes. Many of such changes have long lead times, requiring up front
and timely investments in infrastructure, innovative incentive structures and education. For simulating
the scenarios we applied the IMAGE modelling framework, with a time horizon until 2050.
Our findings confirm a large potential for more efficient resource use: our (no new policies) baseline

scenario shows a global increase, between 2010 and 2050, by 80% of primary energy use, 4% of arable land
and 40% of phosphorus fertilisers. These numbers are reduced to +25% (primary energy), �9% (arable
land) and +9% (phosphorus) in the global resource efficiency scenario. Baseline developments and resource
efficiency opportunities vary strikingly among regions, resources and sectors. Phosphorus use, for
example, is expected to increase most on croplands in developing countries, whereas the largest
potential for phosphorus use efficiency lies in the livestock sector and urban sewage treatment in
industrialised countries. Consequently, while resource efficiency resonates well as a general notion in
policy thinking, concrete policies need to be region-specific, resource-specific and sector-specific.
Efficiency efforts on one resource tend to contribute to efficient use of other resources and to benefit

the environment. There are also trade-offs, however, and the synergies analysed do not make problem-
specific policies redundant: in 2050, the global resource efficiency scenario presents higher phosphorus
use and higher use of fossil fuels than in 2010; greenhouse gas emission targets are met by half; and
biodiversity loss slows down but is not halted. Moreover, part of the efficiency gains in land and
phosphorus use is sacrificed when this scenario is combined with ambitious climate policy, due to the
substantial resource requirements for the deployment of bio-energy—albeit much less than in a scenario
without more efficient resource use.
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1. Introduction

Several international environmental assessments have shown
that increases in the global population and further increases in
economic activities form key drivers of a growing demand for food,
water, energy and materials (MEA, 2005; OECD, 2012a; Van Vuuren
et al., 2012). This demand leads to concerns with respect to
resource scarcity and its multiple dimensions, including physical
depletion, increasing exploitation and processing costs and
geopolitical issues associated with the fact that many resources
have a skewed geographical distribution, or are shared among
nations as a common resource pool (Prins et al., 2011). In recent
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years, these concerns have led governments and international
organisations to formulate strategies to foster sustainable resource
use, such as OECD’s Green Growth strategy (OECD, 2011, 2013); the
EU flagship initiative for a resource-efficient Europe (EC, 2011); and
FAO’s Save and Grow policymaker’s guide (FAO, 2011).

Efficiency improvement is often mentioned as an attractive
strategy to address unsustainable resource use. Several studies
have emphasized the potential for efficiency improvement, for
energy (Barker et al., 2007; Cullen et al., 2011; De Beer, 1998; Graus
et al., 2011; Interlaboratory Working Group, 1997), land (Godfray
et al., 2010; Neumann et al., 2010; Koning et al., 2008; Smith et al.,
2010; The Royal Society, 2009) and phosphorus (IAASTD, 2009; Ten
Brink et al., 2010; Schröder et al., 2011). While studies have looked
into the efficiency potential for these individual resources (see
above), or looked at historical or future trends in the absence of
new policies to increase resource efficiency (Schandl and West,
2010), very few studies have looked at the impacts of an integrated
efficiency approach for multiple resources, the implications of such
a strategy for resource depletion and environmental problems and
the potential trade-offs among specific measures. Van Vuuren and
Faber (2009),Van Vuuren et al. (2012, 2015), Hoff (2011) and
Cambridge Econometrics et al. (2011) highlight the need for such a
nexus approach and argue that the impacts of efficiency policies
are also related to climate policy, which, therefore, should also be
taken on board.

There are several ways to improve resource efficiency. This
includes increasing production efficiency (e.g. less material use in
construction, more “crop per drop”, more efficient power plants);
minimizing supply chain wastes and losses; increasing the
consumption efficiency (e.g. energy efficient buildings, cars and
household appliances); recycling or reusing waste materials; and
changing consumption patterns (e.g. towards less meat intensive
diets, or less long-haul holidays). Most policy strategies tend to
emphasize technological innovations rather than changing con-
sumer habits.

Given the current policy attention for resource efficiency and
the scarcity of systematic analysis of comprehensive efficiency
Table 1
Scenario assumptions regarding energy.

Baseline (BL) and Envisaged Policies (EP) 

General No new policies are introduced. In each region, energy effi
improvement essentially follows the 2009 World Energy O
(IEA, 2009), based on a slow autonomous efficiency improv
and responses to price increase of fossil fuels

Industry See general 

Transport See general 

Residential See general 

Power generation See general 

Climate policy BL: None
EP: Copenhagen pledges are implemented by introdu
regional carbon tax. The tax level is continued after 2020 [s
Elzen et al. (2010) for a detailed description]
approaches, the objectives of this study are: (i) to identify current
and future resource use trends for energy, land and phosphorus;
(ii) to quantitatively explore the potential for enhanced resource
efficiency also in relation to climate policy; and (iii) to identify
synergies and/or trade-offs among resource efficiency measures
for the different resources looked at. This is done in the form of a
scenario study, at the scale of world regions and at the global scale,
with a time horizon until 2050. The analysis provides a novel
attempt at charting new territories for integrated assessment,
focussing simultaneously on a set of three resources and first-
order-estimates of potential relationships between them. Empha-
sis is on obtaining insight in potential enhancements for this
limited set of resources, their mutual interactions and implications
for policy development, including relations with other policy fields
such as climate change and biodiversity. For example, McCollum
et al. (2011) emphasized the benefits of climate policy for energy
security and air pollution control policies. Our analysis focuses on
the physical dimension of resource efficiency and does not
explicitly consider the economic, social or institutional conse-
quences of the various strategies. It represents a quick scan of
potentials, and consequently is not able to provide details per
resource type. It does however, have significant policy-relevant
general implications.

A more in-depth discussion of the scenarios analysed can be
found in Van den Berg et al. (2011). That report considers five
resource themes: energy, land, phosphorus, fresh water and
fisheries. For the current article, we selected three, because of their
distinct different nature, interlinkages, and prominence in the
discourse on environmental sustainability and resource efficiency:
(i) energy, based on the key role of fossil fuel combustion in climate
change, as well as scarcity associated with fossil fuel reserves and
their skewed geographical distribution; (ii) land, based on the
discussion on competing claims for food, feed, fuel and forestry
products; and the impacts of land use and land use change on
terrestrial biodiversity and greenhouse gas emissions; and (iii)
phosphorus, due to its key role in agricultural production for which
Global resource efficiency (RE) and Global resource efficiency &
climate policy (RECP)

ciency
utlook
ement

Ambitious energy efficiency measures, including the use of best-
available-technology. For the sectors not specifically covered
below energy efficiency trends were calibrated to the energy
efficient scenario, leading to a 20–30% reduction of energy use as
described by Graus et al. (2011)

In steel and cement production, prescription of energy efficient,
best-available technology to 17 GJ/t (see Roorda and Neelis
(2006)). For other industry, a 30–40% efficiency improvement was
assumed based on the work of Graus et al. (2011)

Prescription of most efficiently newly built cars and planes and
moderate shift to high-speed trains (away from air transport)
based on Girod et al. (2012). See general for other modes of
transport

Prescription of efficient technologies for heating, lighting and
appliances. For temperate regions, for instance, energy use is
assumed to drop to 0.2 GJ/m2 [see Daioglou et al. (2012) for a
detailed description of the model]

Prescription of best available technology for fossil-fuel and bioenergy
fueled power plants (depending on the region a 0–20% improvement)

cing a
ee Den

RE: Same as EP
RECP: Introduction of a carbon price in order to reach an emission
profile consistent with the 2 �C target/RCP 2.6 emission pathway
(Van Vuuren et al., 2011, 2010b)
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it is irreplaceable, and the limited resource base with reserves
concentrated in a few countries.

The structure of the paper is as follows. First, we present a
description of the scenarios analysed and the modelling frame-
work applied. Second, we present and discuss the results for the
three individual themes energy, land and phosphorus and
consequences for climate and biodiversity. Next, we focus on
the interactions among various resource efficiency interventions,
including those with climate policy. Finally, we discuss our findings
and present our conclusions in terms of their robustness,
challenges for future research and policy relevance.

2. Methodology

2.1. Scenarios

Four scenarios are compared:

� The baseline (BL) scenario forms a reference that describes trends
if no new policies were introduced. The baseline scenario used
here is more-or-less equal to the baseline in the OECD
Environmental Outlook 2012 (OECD, 2012a). It assumes that
global population increases to around 9 billion people in 2050,
and economic growth occurs in all regions with assumed gradual
convergence trends. Resource efficiency improvements in this
scenario are the implicit result of ‘autonomous’ technical
progress.

� The envisaged policies scenario (EP) represents low-level climate
policy commitments. It assumes, in addition to the baseline
scenario, the implementation of the climate policy pledges (low
level) made as part of the negotiations in Copenhagen and
Table 2
Scenario assumptions regarding food, land use, agriculture and forestry.

Baseline (BL) and Envisaged Policies (

Crop yield increase MAGE management factor adjusted
IMAGE model yields against FAO yield
OECD, 2012a)

Feed conversion efficiency Improvement according to historical 

from (1) roughage to feed concentrate
production from pastoral to intensive sy
et al., 2005; Westhoek et al., 2011)

Supply chain waste and losses Continuation of current wastes and 

assumed

Dietary preferences Share of animal products in die
accordance with per capita income in
current trends (OECD, 2012a)

Share of timber from plantation forests Increased production of forest p
historical trend of exploitation f
natural forests (Brown, 2000)

Protected areas Protected areas maintained at current
10 million km2) [Following Ten Brink e
on IUCN, UNEP (2006)]
Cancun. For the period after 2020 (for which no pledges were
formulated), we assumed a constant carbon tax to mimic
continuity at the same level of climate efforts. The modelling of
the implementation of the pledges is based on Den Elzen et al.
(2010).

� Global resource efficiency (RE) is a scenario in which we explore
the potential impacts of ambitious resource efficiency strategies
worldwide. Policies targeting climate change are restricted to
those of the EP scenario.

� Global resource efficiency and climate policy (RECP) scenario
explores the impacts of a combination of ambitious resource
efficiency and climate policies aiming to achieve the so-called
2 �C objective. For the latter, we use a scenario similar to the RCP
(Representative Concentration Pathway) 2.6, elaborated by Van
Vuuren et al. (2011, 2010b). This scenario leads to radiative
forcing of 2.6 W/m2 by 2100. Assumptions regarding resource
efficiency are equal to those for the RE scenario.

For the two resource efficiency scenarios (RE, RECP), the
objective was to describe ambitious improvements, at the frontier
of what is technologically feasible and socially and politically
conceivable. The assumptions made are provided in Table 1 for
energy, Table 2 for land use, food, agriculture and forestry, and in
Table 3 for phosphorus.

2.2. Modelling framework

For the analysis, we have used the IMAGE 2.4 integrated
assessment framework (Bouwman et al., 2006), with a time
horizon until 2050. This framework operates at a global grid of
0.5� � 0.5� (about 55 � 55 km at the equator) and was, for this
EP) Global resource efficiency (RE) and Global resource
efficiency & climate policy (RECP)

 by calibrating
 projections (see

Following Ten Brink et al. (2010): Baseline yield growth
rates are increased by 50%, based on an assessment of
IAASTD (2009); but to a maximum increase of 1.5% per
year in OECD countries

trends of shifting
s, and (2) animal
stems (Bouwman

Increase by 15% above the baseline level (pigs and
poultry). Shift of ruminant production from pastoral to
mixed systems is accelerated (Bouwman et al., 2013).

losses implicitly Following Ten Brink et al. (2010) (see also Stehfest et al.
(2013)): reduction in waste and losses corresponding to
7% of total supplies from agriculture worldwide by 2050.
In the model this implies a 7% decrease in the amount of
food required to meet the same level of nutrition

ts increases in
crease, following

Following Ten Brink et al. (2010): in affluent regions, per
capita consumption of animal products gradually
decreases to a level of 50% above that suggested by
Willett et al. (2001). This corresponds to a weekly intake
per person of 105 g beef, 105 g pork, and 460 g poultry
and eggs. Consumption of fish and dairy products
follows the baseline. In regions with lower consumption
of animal products, baseline assumptions are applied
until these levels are reached

roducts follows
rom plantation/

Following Ten Brink et al. (2010): forest plantations are
expanded to meet about 50% of timber demand by 2050.
All selective logging is assumed to be based on Reduced
Impact Logging (RIL)

 level (globally ca
t al. (2010), based

Following Ten Brink et al. (2010): increase to 25 million
km2, globally, covering a representative selection of the
Earth’s ecosystems, with a focus on areas with
threatened and endemic species



Table 3
Scenario assumptions regarding phosphorus.

Baseline (BL) and Envisaged Policies (EP) Global resource efficiency (RE) and Global resource efficiency &
climate policy (RECP)

P-fertiliser use efficiency (FUE) FUE remains stable in industrialized countries with near-
equilibrium P fertilization. FUE gradually improves in countries
with a current P surplus (e.g. China, India), as soil residual P pools
have already been built up. P use increases and FUE decreases in
developing countries to build up soil P reserves

The relative extra yield increase in RE relative to that in BL is used
as a basis. Higher yields in P surplus countries can be achieved
with a higher efficiency. In P deficit countries, higher yields can be
obtained by increasing fertilizer use. In industrialized countries
and other countries with current P surplus (China, India) FUE is
increased by half of the relative extra yield increase; in developing
countries with current P deficit, FUE is assumed to decrease by half
of the additional relative yield compared to BL and EP

Animal P use efficiency Excretion rates per animal are constant, excretion rates per unit of
product decrease with increasing productivity

5% (2030) and 10% (2050) lower phosphorus excretion rates per
animal for beef cattle, dairy cattle, pigs, sheep and goats and
poultry to mimic the higher feed use efficiency compared to the BL

Manure integration Manure is not considered in fertilizer use efficiency; the fraction
manure not recycled in agriculture is constant

Manure that in BL ends outside the agricultural system (fuel use,
manure lagoons) is recycled and used as fertilizer substitute (100%
of phosphorus is effectively available). This assumption is made
only for countries where animal manure spreading is less than 25%
of total phosphorus input in crop production systems. Other
countries same as BL

Human excreta No recycling of human excreta Recycling of human phosphorus from urine and faeces from
households with access to improved sanitation but with no
sewage connection, and urine from households with a sewage
connection. For both sources, recycling is assumed to include 25%
of available phosphorus in 2030 and 50% in 2050. Data on
sanitation and sewage based on Van Drecht et al. (2009)

For details on baseline and other assumptions, see Bouwman et al. (2009, 2013), and specific sources mentioned in the table cells.
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study, applied at the level of 24 world regions. For presentation
and discussion purposes, the results are aggregated to 7 geo-
political regions (Fig. 1): (i) EU+, (ii) Latin America and Caribbean,
(iii) Russia region, (iv) China region, (v) Rest of OECD, (vi) Rest of
Asia, and (vii) Africa.

Fig. 2 provides a schematic overview of the resources
considered and the main linkages between them as included in
the IMAGE framework. This is a strongly simplified representation.
A more detailed graphical representation of the P model, for
example, is given as Supplementary online material (Appendix A).
Fig. 1. Geo-political regions 
IMAGE can provide long-term projections for food and energy
production. Both resource quantity and quality play key roles: for
energy in terms of depletion of fossil fuels and good sites for
renewable energy; for food production in terms of diminishing
areas of (potentially) productive land. For both production
systems, IMAGE also calculates the associated emissions of
greenhouse gases and air pollutants to assess climate change.
The latter is used, in combination with CO2 fertilisation effects, to
calculate impacts on crop yields. The use of bio-energy in the
energy system and food and feed production in agriculture are
considered in the study.



Fig. 2. Simplified representation of the modelling approach.
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accounted for in the land use system, and impacts for terrestrial
biodiversity are assessed. The same framework also accounts for
the requirements of phosphorus for agricultural production,
together with the impact on phosphorus resources. Key features
of the model are the linkages between the different components
that allow for assessing co-benefits and trade-offs. Below, we
further elaborate the four key modules that are used in this study.
More extensive descriptions of these modules are provided as
supplementary on-line material.

The IMAGE global energy system model (TIMER) (Van Vuuren
et al., 2007) describes the investments in, and use of different types
of energy influenced by technology development and resource
depletion. Inputs to the model are levels of economic activities and
assumptions on technology development, preference levels and
restrictions to fuel trade. The model projects future primary and
final energy consumption by energy type, sector and region; and
the associated greenhouse gas and air pollutant emissions such as
ozone precursors and acidifying substances. The choice of different
fuels is determined by their relative long-term costs, which, in
turn, are driven by resource depletion and technology dynamics.
Investment in more efficient technology is determined by
comparing the relative costs of efficiency vis-à-vis the avoided
expenses for fuels. Climate mitigation policies are represented in
the model by putting an additional cost on greenhouse gas
emitting technologies using a universal carbon-equivalent price.

The land & climate module of the IMAGE model (Alcamo,
1994; Bouwman et al., 2006; Kram and Stehfest, 2012) computes
expected land-use changes, related to the production of food crops
and livestock, animal feed and fodder, bio-energy crops and timber
at the level of 24 world regions. The spatial distribution of natural
vegetation and crops is determined on the basis of the required
production and productivity, on a spatial resolution of
0.5 � 0.5 degree. Food and feed crop and grass production is
calculated with a simple crop model, based on climate conditions
and soil characteristics and using assumptions on management
and technology factors affecting yields. Subsequently, land-use
types are allocated at grid cell level on the basis of rules concerning
crop productivity, distance to existing agricultural land, distance to
water bodies, and a random factor. IMAGE furthermore calculates
emissions from land-use changes, natural ecosystems and
agricultural production systems, and the exchange of carbon
dioxide between terrestrial ecosystems and the atmosphere. This
information is used to calculate climate change which is then fed
back to calculate impacts on yields and natural vegetation.

The phosphorus demand and supply models (Bouwman et al.,
2009, 2013; Van Vuuren et al., 2010a). Together, the demand and
supply models for phosphorus describe its demand and the
associated production and depletion of resources. Globally,
demand is dominated by the agriculture sector, predominantly
for fertilisers and to a minor extent for feed additives. The region-
specific demand for fertilisers is based on fertiliser use efficiency
for the various crops considered in the IMAGE model and
accounting for the availability of animal manure at the country
level. P supply comes from the mining of rock phosphate or from
recycling of manure or sewage. Rock phosphate mining is
determined regionally, based on the quantity and quality of
available resources and the costs of exploration and processing.

In the GLOBIO3 model (Alkemade et al., 2009), biodiversity
loss is expressed as the reduction of mean species abundance
(MSA), i.e. mean relative abundance compared to a natural, pristine
situation. This is similar to for example the Biodiversity Intactness
Index BII (Scholes and Biggs, 2005). A pristine ecosystem, by
definition, has an MSA of 100%. The MSA of a totally disturbed
system is close to 0%. Cultivated areas typically have an MSA
between 10% and 30% (Alkemade et al., 2009). In GLOBIO, MSA is
calculated as a function of information provided by IMAGE on
environmental pressures, including land-cover change, land-use
intensity, atmospheric nitrogen deposition, infrastructure devel-
opment, fragmentation and climate change.

3. Results

3.1. Energy

In the baseline scenario, energy consumption is projected to
increase by almost 80% between 2010 and 2050. Consistent with
the trend over the last decades, most of this growth takes place in
developing countries and emerging economies: In OECD countries,
final annual energy use (i.e. energy use at end-use level) increases
from 130 EJ in 2010 to almost 150 EJ by 2050, whereas energy use in
the rest of the world doubles over the same period. In per capita
terms, this translates to almost constant consumption levels in
OECD countries at 150–200 GJ per capita per year, and a strong
increase in developing countries. In Asia, for example, energy
consumption increases from around 20 GJ per capita in 2010 to
between 50 and 60 GJ per capita by 2050. Primary energy
consumption remains dominated by fossil fuels, but a shift occurs
from oil to coal and natural gas as a result of depletion of
conventional oil resources. The dependence on fossil fuels in total
energy demand remains high (around 85% in 2050). These results
roughly conform the IEA World Energy Outlook (IEA, 2009) which
was the main source for our baseline assumptions (Table 1). This
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projection is also consistent with the range of scenarios in more
recent literature—such as those reviewed in the IPCC report (Clarke
et al., 2014) and the Global Energy Assessment (GEA, 2012).

The envisaged policies scenario implies in 2050 about a 10%
decrease in the use of fossil fuels worldwide as compared to the
baseline, mostly related to an increase in non-greenhouse gas
emitting technologies. Obviously, most of this change takes place
in regions with the most ambitious pledges (Europe). In most other
regions, no change is observed.

The measures assumed in the global resource efficiency scenario
(see Table 1) reduce total primary energy consumption in 2050 by
about 30% as compared to the baseline scenario (from nearly
900 EJ/yr to slightly above 600 EJ/yr). Most of this decrease refers to
fossil fuels. This is consistent with specific studies estimating the
potential for energy efficiency improvement in detail (Cullen et al.,
2011; Graus et al., 2011; Jacobson and Delucchi, 2011). Jacobson
and Delucchi (2011), for example, showed that by implementing
the most advanced technical possibilities for energy efficiency,
energy consumption could be reduced from 530 to 360 EJ in 2030,
i.e. a 35% improvement in energy efficiency. Cullen et al. (2011)
discussed ambitious energy improvement options in transport and
finally, Graus et al. (2011) discussed the potential for energy
efficiency in various sectors. These papers formed the basis for
several of our assumptions focused on a more conventional
technical potential, thus finding a similar reduction as identified
here.

In the global resource efficiency and climate policy scenario, in
addition to the efficiency policies, a carbon price is introduced that
leads to significant changes in the energy mix (leading to a cost-
effective trajectory towards 2 �C) (Fig. 3, right; see also Section 3.4).
However, compared to a “default strategy” to reach the 2 �C target
[such as the RCP2.6 scenario using IMAGE of Van Vuuren et al.
(2011) and most of the scenarios in the EMF 27 model comparison
(Kriegler et al., 2014)], this scenario relies much more on reducing
fossil fuel consumption by efficiency improvement, and much less
on bio-energy, renewables, and carbon capture and storage (CCS).

In Table 4, the total cumulative use of fossil fuels in the 2010–
2050 period is compared with current reserves and resource
estimates (as used in the IMAGE-TIMER model, based on USGS
estimates). It shows that, in the baseline scenario, cumulative
consumption of oil and natural gas up to 2050 is of similar
magnitude as current conventional reserve estimates, whereas the
Fig. 3. Global primary energy us
current estimate of the total resource base by far exceeds the fossil
fuel used in any of the scenarios. The consumption of the different
resource categories is accompanied by price increases and, in the
next few decades, concentration of supply from a limited number
of countries (in the longer term, the increasing use of unconven-
tional resources stimulated by the price increase does somewhat
compensate this effect). It should be noted that resource estimates
are always beset with uncertainty, and that there is risk of the
resource base being lower, in particular regarding the more
speculative and unconventional resources.

Efficiency and climate policy reduce the consumption of fossil
fuels, thus also reducing the ratio between cumulative use and
resources estimates (Table 4); and oil prices are projected to
increase much less in the global resource efficiency and climate
policy scenario than in the baseline scenario. Lower prices also lead
to less impact on price-induced energy efficiency, which implies
that stronger policy measures are required than anticipated if such
rebound effects are not accounted for. The strength of such
rebound effects is not exactly known, however.

3.2. Land

Changes in population, and an income-driven shift towards
higher per capita consumption, in particular of meat and milk in
developing countries, are projected to lead to an increase in global
food production of around 60% between 2010 and 2050 in the
baseline scenario. Consistent with historical trends, the scenario
results indicate that most of this increase is met through an
increase in agricultural productivity. Crop and animal productivity
are projected to increase most in developing regions. These,
however, also face the strongest agricultural expansion, if suitable
land is still available, especially in Africa, where, in the baseline
scenario, the area of crop land increases by 60% over this period. In
other regions, in contrast, the agricultural area shows only slight
changes or even presents a decline (Fig. 5). The net result is an
increase by 4% of the global area of cropland, including the area for
bio-energy crops.

In the envisaged policies scenario, all assumptions that are
strictly land-related are the same as in the baseline (see Table 2).
However, as a consequence of a different energy policy in this
scenario an additional 5% of crop land is used to accommodate the
increase in bio-energy production.
e in the scenarios analysed.



Table 4
Cumulative fossil fuel use and resource estimates (in ZJ).

Resource estimates Cumulative production 2010–2050

IMAGE 2005 Global Energy Assessment (GEA, 2012)
current

Baseline Envisaged
policies

Global resource
efficiency

Global resource
efficiency &
climate policy

Reserves + resources Reserves Resources

Coal 375.9 21.0 435.7 8.3 7.0 6.4 4.5
Conventional oil 11.1 7.6 13.8
Unconventional oil 15.1 3.8 15.1
Oil (total) 26.2 11.4 28.9 8.2 7.6 7.1 6.1
Conventional gas 11.6 7.1 16.0
Unconventional gas 96.4 28.0 108.3
Gas (total) 108.0 35.1 124.3 6.7 6.6 5.3 5.3
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The results for the global resource efficiency scenario illustrate
that measures to increase yields and reduce losses can substan-
tially reduce agricultural expansion. In this scenario, the cropland
area in 2050 is smaller than in 2010 in all major world regions,
except Africa, where expansion over this period is reduced by 30%
in comparison to the baseline, and virtually halts after 2040.
Grassland expansion is even more strongly reduced, as a result of
the increased use of feed concentrates in this scenario. It should be
noted that the measures to increase production efficiency in this
scenario can also lead to lower food prices and thus more
consumption (rebound effect), particularly in developing countries
(Stehfest et al., 2013). In our resource efficiency scenario, however,
in which the land related assumptions mainly follow the
“combination of options” of Ten Brink et al. (2010), we assume a
moderation of consumption patterns in affluent regions (Table 2).
Overall, these counteracting effects result in very similar con-
sumption globally as in the baseline.

Finally, agricultural land use in the global resource efficiency &
climate policy scenario is affected as a consequence of an increased
production of bio-energy crops (Figs. 4 and 5). This implies a
significant increase in crop land, to a similar level as in the
envisaged policies scenario. In terms of total agricultural area (crop
land plus grassland), about half of the savings achieved with
resource efficiency are used for increased bio-energy production.
Nevertheless, as a consequence of the combination of energy
Fig. 4. Global land use in t
efficiency (Section 3.1) with land efficiency, the land used for bio-
energy production in this scenario is substantially less than in the
“default” RCP 2.6 scenario using IMAGE (Van Vuuren et al., 2011).
Bioenergy production in the latter is around the median of the
range when compared to other models using the same climate
target (Rose et al., 2014).

The yield improvements assumed in the baseline are based on
FAO projections (Bruinsma, 2003; FAO, 2006). Such improvements
and the implications regarding crop area outcomes also fall within
the range of other studies [see e.g. Nelson et al. (2010)].
Nevertheless, achieving such improvements requires substantial
capital investment as pointed out by Schmidhuber et al. (2009).
While efficiency improvements have been about 1% per year in
industrialized countries over the last five decades, they were much
slower in many developing countries. Progress in resource
efficiency in crop and livestock production as assumed in the
global resource efficiency scenario would need a redoubling of
efforts and investments in many developing countries.

3.3. Phosphorus

In the baseline scenario (Fig. 6), P fertiliser use is projected to
increase rapidly, particularly in developing countries where food
production is projected to increase strongest and which tend to
have a P deficit today (consistent with other projections in the
he scenarios analysed.



Fig. 5. Areas of arable land and bio-energy crops in the scenarios analysed.

Fig. 6. Use of phosphorus fertilisers from primary resources in the scenarios analysed.
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literature). In southern Africa, for example, P fertiliser use is
projected to double between 2010 and 2050. Globally, the increase
of P fertiliser is about 40% over the same period, i.e. from 16.4 to
23 million tonnes.

In the global resource efficiency scenario, the use of P fertiliser is
affected by four mechanisms: (i) changes in agricultural produc-
tion; (ii) effects of the efficiency measures for agriculture (crop and
livestock) in general mentioned for the land theme; (iii) measures
to enhance P-fertiliser use efficiency; and (iv) measures to recycle
or reuse P from animal manure and human excreta (see Table 3).
An important limitation here is that the reduced demand for P
resulting from enhanced efficiency is partly counteracted by
increased demand for P to achieve the agricultural productivity
gains in this scenario (see the land theme). The net result is a
reduction in the use of fertiliser P from primary sources, to
18 million tonnes per year by 2050; a reduction of 22% compared to
the baseline. Some studies have emphasized larger reduction
potentials, in particular for high-income regions (Schröder et al.,
2011). The resource efficiency gains in our study are smaller given
the increases in P use in developing countries to increase
agricultural productivity. Strategies that aim to recycle P (human
excreta, animal manure) appear to be most effective. Hence, most
of the P use efficiency gains are achieved in industrialised countries
where current P use is already high and recycling is low. In
developing countries, better integration is considered to be
difficult because fertiliser use is minimal and animal manure
already plays an important role in sustaining crop production.

In the global resource efficiency & climate policy scenario, P use is
greater than in the global resource efficiency scenario. This, again, is
related to the production of bio-energy crops that require
phosphorus and other nutrient inputs.

In recent years, several studies have focussed on the potential
risk of P depletion. Some of the resulting publications indicated a
risk of severe resource problems during the current century, or
even within a few decades (Cordell et al., 2009; Mohr and Evans,
2013; Vaccari and Strigul, 2011). Others are more optimistic, as
they also focus on resource estimates beyond conventional
reserves (see also Van Vuuren et al., 2010a); a position which
was strengthened by spectacular upward revision of the reserves
in Morocco and Western Sahara in 2011 (USGS, 2011; Van
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Kauwenbergh et al., 2013) resulting in a fourfold increase of the
global reserve estimate, albeit not free of controversy (Edixhoven
et al., 2014; Scholz and Wellmer, 2015). Our results, combined with
the approach and assumptions of Van Vuuren et al. (2010a) to
translate these to phosphate rock extraction, suggest that about
20% of conventional resources will be depleted by 2050, even
without accounting for the USGS (2011) upward revision. This
implies that there are no indications of short- to medium-term
depletion at this level. It should be noted, however, that as high-
quality phosphate resources are ultimately depletable, efficient
use will prolong the ability to use these resources in the long term.
Moreover, depletion of low-cost and high-grade resources will
have consequences for production trends and costs, and key
agricultural production regions, such as the EU, Latin America,
southern Asia and eventually also North America will increasingly
depend on P supply from a single region in northern Africa.

3.4. Consequences for climate and biodiversity

As indicated in the introduction, there are important linkages
between policies aimed at resource efficiency and key environ-
mental problems. Here, we concentrate on effects on climate
change and terrestrial biodiversity loss.

3.4.1. Climate change
In the baseline scenario, greenhouse gas emissions are projected

to increase substantially (Fig. 7). As a consequence, around
2050 the world would follow an emission trajectory that is
leading to about 4 �C global mean temperature increase in 2100 (as
projected by IMAGE). The efficiency measures included in the
global resource efficiency scenario lead to a substantial reduction of
emissions (around 30% compared to baseline). Most of this
reduction is a result of the efficiency improvements in the energy
sector, but also land-use related emissions would be reduced, from
3.3 to 1.7 GtC-eq. As a consequence, the expected increase in global
mean temperature at the end of this century is reduced from 4 �C in
the baseline to around 3 �C. By also introducing climate policy, in
the global resource efficiency & climate policy scenario, emissions
Fig. 7. Global greenhouse gas emiss
are further reduced to a level consistent with the 2 �C target. This
corresponds to an emission reduction in 2050 of about 50%
compared to 2010. About 45% of this reduction can be attributed to
efficiency improvements included in the global resource efficiency
scenario.

3.4.2. Biodiversity
For biodiversity, the baseline scenario projects a decline in terms

of the global mean original species abundance (MSA), from 67% in
2010 to 60% in 2050. The main drivers in developing countries are
the expansion of agricultural area and climate change. In other
world regions, alongside climate change, continued biodiversity
decline is mainly driven by the ongoing pressure from forest
exploitation and the effects of fragmentation, infrastructure and
encroachment, and reactive nitrogen emissions. At the global level,
the envisaged policies scenario shows a marginal net improvement
in MSA compared to the baseline. In some regions, however, the
modest benefits of climate change mitigation in this scenario are
outweighed by the extra pressure on land needed for the projected
increase in bio-energy production. The global resource efficiency
scenario presents a more substantial and more uniform reduction
of biodiversity loss (compared to the baseline). The effect is much
less, however, than expected on the basis of preliminary 0-order
calculations, as (according to our model results) in these scenarios
forest exploitation would continue to exert a high pressure on
biodiversity where agricultural expansion has ceased and forestry
products are no longer available as a ‘by-product’ of land
conversion. Several other pressures on biodiversity are also
expected to increase despite the reduction of the key land-use
and climate drivers. First of all, with respect to climate change, the
projected global mean temperature is higher in this ambitious
scenario than it is today. The pressures of infrastructure develop-
ment and fragmentation also increase in all scenarios (see Ten
Brink et al. (2010) for extensive discussion). The increased
production of bio-energy crops according to the global resource
efficiency & climate policy scenario puts an additional constraint on
biodiversity which is not fully compensated by the additional
climate mitigation effects of this scenario before the time horizon
ions in the scenarios analysed.



Fig. 8. Changes (percentage points) in mean abundance of original species (MSA) in the scenarios analysed, 2010–2050. The numbers between brackets along the x-axis
represent the MSA values calculated for 2010. A pristine ecosystem, by definition, has an MSA of 100%; the MSA of a totally disturbed system is close to 0%.
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applied in this study (Fig. 8). Exceptions are regions with little bio-
energy crop production, such as EU+, which benefits from the
climate mitigation effects of the deployment of bio-energy on
biodiversity, while most of its own bio-energy demands are
satisfied by imports.

3.5. Interactions between interventions

An overview of interactions between resource efficiency
interventions targeting different resources, as well as between
such interventions and climate policy is provided in Table 5. Some
of the interactions are fairly obvious, such as improved energy
efficiency helping to mitigate climate change, helping to slow
down biodiversity loss; or the beneficial effects of soil conservation
on land use efficiency, biodiversity and P use efficiency. Others are
more complex, such as the dominantly positive interactions
between climate policies and strategies to improve land use
efficiency by improving crop yields and livestock husbandry and/or
reducing the consumption of ruminant livestock products (as
extensively discussed by Westhoek et al. (2011)). Negative
interactions noted in Table 5 are rather complex:

� Total fertiliser P requirements to accelerate crop yield increases
in developing countries–as part of a land use efficiency strategy–
are higher than in the baseline with lower yields, albeit with
larger areas of crop land. We note that this is a temporary
phenomenon: In the resource efficiency scenarios, eventually
fertiliser P use can be reduced once soil P reserves have built up.

� Additional land and P requirements for bio-energy crops in a
scenario with ambitious climate change policies.

� Additional energy requirements to process and/or transport
manure (including from sewage) from surplus regions to regions
with a deficit. Such energy requirements are not accounted for by
the models used.

Overall, however, positive interactions appear to outweigh the
negative ones, suggesting that climate policies and resource
efficiency measures targeting several resources combined can be
more effective than the sum of isolated measures.
4. Discussion and conclusions

4.1. Methodological aspects and challenges for further research

In this study, we focused on obtaining an overall impression of
the potential for resource use efficiency, interactions across
different resources and with other policy issues such as climate
change and biodiversity. The method has limitations that might be
addressed in subsequent research. First, in this study a number of
key resources were analysed but other resources have not been
looked into yet. Second, in each scenario, all three resources are
targeted simultaneously. This makes the number of scenario
projections manageable, but it also limits the potential for
attributing observed outcomes to individual resources and/or
instruments. Third, the analysis focused on the physical dimension
of resource efficiency and only marginally touches upon the
economic and policy barriers to be taken. Economic impact of
investment strategies and subsidies on resource efficiency was not
analysed, neither the impacts of resource efficiency improvements
on GDP. Efficiency improvement tends to reduce prices of
resources and/or of resource benefits, leading to rebound effects
in demand, which, in some cases, may potentially even exceed
baseline levels (Polimeni et al., 2007; van den Bergh, 2011).
Additional policies may therefore be needed to prevent such
impacts. Finally, the biophysical modelling also has its limitations,
partly due to the global level of the analysis, partly due to an
incomplete understanding of all the factors involved and their
interactions.

Consequently, we can identify a couple of challenges for future
research. First, explicit inclusion of economic aspects could provide
a more realistic picture on both the profitability and feasibility of
resource efficiency improvements. This also concerns a more
explicit analysis of rebound effects. Other potential barriers for
implementing resource efficiency measures could also be included,
such as institutional, political, social, cultural and/or market-
integration issues. Third, obviously, the resources included in our
analysis are not complete and neither are the feedbacks. Inclusion
of additional feedbacks as well as of additional resources may be
worthwhile to achieve a more comprehensive picture of both the
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Interactions between resource efficiency interventions.
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current potential for resource efficiency improvements as well as
projections of future resource use. Additional scenarios with
different assumptions can easily be run within the same modelling
framework to better understand the effects of specific measures
and different combinations of measures.

Furthermore, for the implementation of the two resource
efficiency scenarios (RE, RECP) we made an effort to describe a
frontier of ambitious improvements which are technologically
feasible and socially and politically conceivable, harmonized across
different subject areas. Obviously, some degree of subjectivity
cannot be avoided here. The study should therefore be seen as a
first quantified exploration of trajectories of resource use and of
how resource efficiency efforts compare to gains derived thereof.
Future studies could explore different or more refined sets of
assumptions on resource efficiency improvement.

Baseline assumptions, obviously, will also influence the
quantitative outcomes of the study. The baseline scenario of this
study was published in 2012. The long-term trends in this baseline
scenario are still representative of a median “business-as-usual”
style scenarios, so using a more recently developed baseline
projection (e.g. of energy use) would not change the essence of the
findings.

4.2. Policy implications and conclusions

Despite the above-mentioned needs for further research,
which would make this type of studies more suitable to evaluate
specific policy measures–individually or combined–to enhance
resource efficiency, the results based on the limited integrated
approach presented here on energy, land use and phosphorus and
their inter-linkages with climate policy and biodiversity do have
significant policy implications. In the policy discussions in
preparation of the EU flagship initiative for a resource-efficient
Europe (EC, 2011), interim results of our analysis allegedly
facilitated the positioning of resource efficiency as a Commission-
wide idea that appealed to the interests and viewpoints of a wide
range of actors, beyond the conventional environment portfolio.
Four main conclusions can be drawn concerning policy implica-
tions.

First, our findings confirm that significant potential for
resource efficiency exists. The potential is large in terms of what is
physically possible and in terms of connecting resource policy with
climate policy. This notion lies at the basis of the extensive policy
attention given to the subject.

Specifically, the baseline projections show a global increase by
80% of primary energy use, 4% of arable land and 40% of fertiliser P
consumption between 2010 and 2050. In the global resource
efficiency scenario, the scenario targeting the most ambitious
resource efficiency measures without additional climate policies,
over the same period, these numbers are reduced to +25% (primary
energy), �9% (arable land) and +9% (P fertilisers). Total global P use
from primary sources would almost stabilise if, in addition, P in
detergents is phased out. These potential improvements can
substantially reduce risks with respect to resource sustainability
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and environmental degradation. Thus, the notion of resource
efficiency is potentially attractive for leaders in policy, business
and environment, as a positive and significant proposition.

Second, this study illustrates that resource use trends and
efficiency mechanisms vary strongly across regions and across
resources. This relates to the type of effects, the synergies and the
trade-offs. For example, in the case of phosphorus our results show
that resource use is expected to increase most in developing
countries, whereas the largest potential for resource efficiency lies
in industrialised countries. These striking regional differences are
superimposed on the earlier mentioned geo-political dimension of
resource scarcity (Prins et al., 2011). Such multiplicity is reflected
in the variety in societal opinions on what aspect of resource
efficiency should be formalized in policy indicators (Jacob et al.,
2014).

Consequently, while improving resource efficiency as a general
notion appears to resonate well in policy thinking in many regions
and across many sectors (Dobbs et al., 2011; OECD, 2012b; UNEP,
2012), concrete policy arrangements on efficiency strategies need
to be resource-specific and sector-specific (Kaiser et al., 2012).
Thus, resource efficiency defines a good arena to bring to bear
specific strengths of industry and governments (as well as of
conservationists)—assuming they can broadly agree on ambition
levels.

Third, the scope to reduce the consumption of one resource
is often linked to what happens to another resource. Many of
these linkages lead to synergies. For example, efficiency improve-
ment in the food chain not only leads to reduced biodiversity loss
but also to less greenhouse gas emissions and phosphorus demand,
as well as improved efficiency in the energy system. However,
there are also trade-offs, as in increased fertiliser requirements to
sustain improved crop productivity and thus land efficiency.
Likewise, there is a trade-off between increase of bio-energy
production – as an instrument of climate change mitigation – and
the effects this has on phosphorus demand and biodiversity.

Thus, international environmental policy could clearly benefit
from an integrated resource efficiency approach such as presented
in this study. Well-balanced policies could be designed to benefit
as much as possible from synergism between measures in different
domains while attempting to minimize negative effects. Such
combined policies might also address potential rebound effects.
Taxation of greenhouse gases can, for example, reduce the
consequences of downward impacts on prices as a result of
efficiency policies. Other examples show how combinations of
policies (in multiple domains and levels) to discourage natural land
conversion on one hand and to encourage more efficient use of
existing agricultural land on the other, can contribute to
biodiversity, food security and climate goals concurrently (Nepstad
et al., 2013, 2014). In terms of analytical support for resource
efficiency policies, there is a notable difference between, on the
one hand, integrated diagnostics underpinning strategic policy
making and, on the other hand, resource-specific, process-specific
analyses informing decisions on, for example, renewing industrial
plants or introducing specific taxes.

Fourth, the synergies analysed do not make problem-
specific policies redundant. For example, under the most
ambitious resource efficiency measures, the projected global
greenhouse gas emissions savings in 2050 are 12 Gton C-eq as
compared to the baseline scenario. While efficiency measures
reduce greenhouse gas emissions, they are insufficient to meet the
internationally agreed climate targets. In other words, for
accomplishing international climate targets also supply side
changes, including increasing shares of renewable energy carriers
are required, as in our RECP scenario. As another example, more
efficient use of land resources, as shown in this study mainly
through improved agricultural practices, contributes to slowing
down biodiversity loss. This alleviates the problem but does not
fully resolve it. On balance, the global resource efficiency scenario
(RE) in 2050 presents higher P use and higher use of fossil fuels
than in 2010; greenhouse gas emission targets are not met; and
biodiversity loss slows down but is not halted. Therefore, while the
efficiency gains analysed can substantially reduce risks with
respect to resource sustainability and environmental degradation,
they are, by themselves, insufficient to fully resolve these issues.
Thus, a drive towards resource efficiency policies would not
compete with, for example, climate policy. Rather, it provides a
logic and vocabulary for new alliances to jointly address great
challenges.

In appreciating these findings, it is important to bear in mind
that the resource efficiency improvements modelled here are
anything but marginal or effortless. They are technically possible,
but ambitious, with annual efficiency improvements being
realized much faster than historical improvements, and consis-
tently so for decades. It is important to note that many of the
projected changes have long lead times, requiring up front and
timely investments in for example infrastructure, innovative
incentive structures and education. In other words, the time lines
shown are not hop-on hop-off routes to a target.
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